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Le Volcán Holocène San Pedro (1.5 km3) est l'édifice le plus jeune et le plus proéminent 
(3621 m) du complexe volcanique Quaternaire Tatara-San Pedro (TSP). Ce complexe est 
situé sur le front volcanique des Andes du Chili (36o S, 71o 51'W), dans la Zone 
Volcanique Sud. Le TSP (~ 55 km3) est composé de laves basaltiques à rhyolitiques qui 
définissent une lignée calco-alcaline moyennement à fortement potassique. De rares et 
petits xénolites (< 5 cm de diamètre) sont présents dans les laves et les dépôts 
pyroclastiques du TSP, mais les plus larges (< 50 cm) et plus abondants ont été trouvés 
dans une lave dacitique à biotite-hornblende du Volcán San Pedro. La plupart des xénolites 
sont gabbroïques (22 échantillons), mais de rares granites (1 échantillon) et roches 
métamorphiques (1 échantillon) ont également été échantillonnés. 
Sur la base d’observations texturales et de compositions modales, deux groupes de 
xénolites gabbroïques ont été distingués: le Groupe I est constitué de mélanorites à olivine 
et de norites avec un verre interstitiel riche en SiO2 (67-72 pds %). Le verre est limité par 
les cristaux euhedraux, suggérant qu’il est le résidu de la cristallisation et que ces xénolites 
sont probablement co-magmatiques avec le volcanisme Holocène. Le Groupe II consiste 
en des leuconorites à clinopyroxène et des norites à hornblende. Ceux-ci montrent des 
textures subsolidus (p.e., lamelles d’exsolution dans les pyroxènes) et des textures de 
déformation (p.e., lattes de plagioclase courbes) suggérant qu’ils sont des fragments du 
soubassement plutonique pré-Quaternaire du TSP. Malgré leur différence d'âge et 
d’origine, les deux groupes de xénolites montrent des textures de réaction entre les 
minéraux réfractaires précocement formés (olivine, Cr-spinelle, pyroxènes, ou 
plagioclase), et la hornblende ou la phlogopite. De nombreuses caractéristiques 
pétrologiques suggèrent que ces réactions ne sont pas dues à une cristallisation en système 
fermé mais reflètent des processus de migration de liquides et fluides aqueux: (1) Le 
rapport Na/Ca de la plupart des hornblendes des deux groupes de xénolites est élevé (0.3-
0.7) comparé à celui des hornblendes des xénolites gabbroïques de zone de subduction ou 
aux hornblendes crystallisant lors d’expériences à faible pression. (2) Les xénolites du 
Groupe II montrent des concentrations en éléments traces et des rapports d’éléments 
incompatibles en accord avec une perte du liquide évolué et l'arrivée d'un fluide aqueux. 
(3) De microfractures remplies de hornblende et de phlogopite sont une évidence de 
migration de liquides et de fluides. (4) Les concentrations et rapports (élevé Cl/F) en 
halogènes des apatites suggèrent que celles-ci ont cristallisé à partir d'un liquide enrichi en 
fluides aqueux. (5) De nombreux plagioclases du Groupe I de xénolites sont constitués 
d’un cœur riche en anorthite (An86-70) entouré d’une bordure beaucoup plus sodique (An40-
20). Le cœur et la bordure sont separées par une large variation de compositon entre 30-40 
mol % d'anorthite. Les concentrations en Fe, Ti, K, Sr, Ba, La, et Ce suivent l'abrupt 
changement de concentration en éléments majeurs et suggèrent qu'après un premier 
épisode de différentiation basaltique à basaltique andésitique, le liquide interstitiel a 
changé rapidement à une composition beaucoup plus évoluée. Ceci peut s’expliquer par un 
processus de migration où le liquide mafique intercumulus a été remplacé par un liquide 
plus évolué, probablement dacitique. (6) La phlogopite des deux groupes de xénolites se 
caractérise par des teneurs anormalement élevées en Na2O (1 à 5 pds %) et Na/K (jusqu'à 
2.2) qui peuvent être partiellement expliquées par des réactions entre les minéraux 
mafiques et un liquide évolué riche en eau. Neanmoins, les analyses par microsonde 
électronique révèlent que ces phlogopites ne sont pas homogènes mais consistent en de fins 
enchevêtrements (< 2 µm) de phlogopite riche en Na et de phlogopite pauvre en Na. Ceci 
peut être expliqué par l’existence d’un solvus entre les phlogopites sodiques et calciques, 
par analogie au solvus présent dans les micas blanc sodiques (paragonite) et potassiques 
(muscovite). 
Je propose que la plupart des caractères pétrologiques et compositionels des deux 
groupes de xénolites du Volcán San Pedro sont le résultat de processus de percolation 
impliquant la migration de liquides évolués et de fluides aqueux, soit par compaction de la 
pile de cumulat (p.e., filter pressing), soit par convection compositionelle. Les réactions 
entre les minéraux réfractaires précocement cristallisés (olivine, Cr-spinelle, pyroxène, ou 
plagioclase), et les liquides évolués ou fluides aqueux ont produit la hornblende (jusqu'à 50 
vol. %) et la phlogopite (jusqu'à 12 vol. %) avec des compositions similaires à celles 
cristallisées à partir d'un magma mafique hydraté (p.e., forte teneur en Cr2O3). La grande 
abondance de hornblende dans les plutons ou xénolites gabbroïques calco-alcalins, 
comparée à la rareté de laves basaltiques ou basaltiques andésitiques à hornblende, peut 
s’expliquér par des processus de percolation en système ouvert analogues à ceux décris 
dans de nombreuses intrusions tholéiitiques litées (p.e., Skaergaard, Muskox, Bushveld, 




The Holocene Volcán San Pedro (1.5 km3) is the youngest and most prominent volcanic 
edifice (3621 m) of the Quaternary Tatara-San Pedro Complex (TSPC), which is located 
on the volcanic front of the Southern Volcanic Zone of the Andes, at 36o S, 71o51'W. The 
TSPC (~ 55 km3) consists mainly of lavas ranging from basalt to rhyolite that define 
medium to high-K calc-alkaline trends. Scarce and small (<5 cm in diameter) xenoliths 
have been found throughout the lavas and pyroclastic deposits of the TSPC, but the largest 
(< 50 cm) and most abundant xenoliths occur in a biotite-hornblende dacite lava of Volcán 
San Pedro. Most of the xenoliths are gabbroic (22 samples), although scarce granites (1 
sample) and metamorphic rocks (1 sample) were also collected. 
On the basis of textural observations and modal compositions two groups of gabbroic 
xenoliths have been distinguished: Group I comprises olivine melanorites and norites 
bearing SiO2-rich (67-72 wt %) glass. Glass is distributed in pockets bounded by euhedral 
crystal faces suggesting that it is residual from crystallization, and thus these xenoliths are 
potentially co-magmatic with the Holocene volcanism. Group II consists of clinopyroxene 
leuconorites and hornblende norites. These display subsolidus (i.e., exsolution lamellae in 
pyroxenes) and deformation textures (i.e., bent plagioclase laths) suggesting they are 
fragments of the pre-Quaternary plutonic basement of the TSPC. Despite their different 
ages and origins, both groups of xenoliths show reaction relations between early-formed 
refractory minerals (olivine, Cr-spinel, pyroxenes, or plagioclase) and late hornblende and 
phlogopite. A number of petrologic features suggest that these reactions are not due to 
closed-system crystallization, but are the result of melt and fluid migration: (1) The Na/Ca 
of most hornblendes of both groups of xenoliths is high (0.3-0.7) compared to hornblendes 
from other subduction-related gabbroic xenoliths or to hornblendes from low pressure 
experiments of basaltic to andesitic compositions. (2) Group II xenoliths display bulk-rock 
trace element concentrations and ratios of incompatible elements that are consistent with 
loss of evolved melt and arrival of an aqueous fluid. (3) Microfractures filled with 
hornblende and phlogopite are evidence of melt and fluid migration. (4) The halogen 
composition of apatite (high Cl/F) suggest that they crystallized from fluid-enriched melts. 
(5) Many plagioclases of Group I xenoliths are characterized by anortithe-rich cores (An86-
70) mantled by more sodic rims (An40-20). Cores and rims are separated by a compositional 
gap of 30-40 mol % anorthite. Concentrations of Fe, Ti, K, Sr, Ba, La, Ce follow this 
abrupt major element shift and suggest that after an early episode of differentiation from 
basaltic to basaltic andesitic liquids, the interstitial melt changed abruptly to a dacitic 
composition. This is consistent with a melt migration event that displaced the mafic 
intercumulus liquid by a more evolved melt. (6) Phlogopite in both groups of xenoliths is 
characterized by unusually high Na2O (1 to 5 wt %) and Na/K (up to 2.2) which can be 
partly explained by open-system processes involving migration of water-rich evolved melts 
and reaction with the pre-existing mafic minerals. However, electron microprobe analyses 
reveal that these phlogopites are not homogeneous but consist of fine intergrowths (< 2 
µm) of Na-rich and Na-poor phlogopite. This is best interpreted in terms of a solvus 
between sodic and potassic phlogopite end-members, analogous to the solvus of the 
sodium (paragonite) and potassium (muscovite) white micas. 
I propose that many compositional and petrological features of the two groups of 
gabbroic xenoliths from Volcán San Pedro are the result of open-system percolative 
processes involving migration of evolved melts and aqueous fluids, either by compaction 
of a cumulate pile (e.g., filter pressing), or by compositional convection. Reactions 
between early-crystallized refractory minerals (olivine, Cr-spinel, pyroxenes, or 
plagioclase) and evolved percolating melts and fluids have produced substantial amounts 
of hornblende (up to 50 vol. %) and phlogopite (up to 12 vol. %) with compositions that 
resemble those of early crystallization from hydrous mafic magmas (e.g., high Cr2O3 
contents). It is argued that the abundance of hornblende in calc-alkaline gabbroic plutons 
and xenoliths compared to its paucity in basaltic or basaltic andesitic lavas can be 
explained by open-system percolative processes analogous to those documented for many 
layered tholeiitic intrusions (e.g., Skaergaard, Muskox, Bushveld, Stillwater) but not 




El Volcán San Pedro (1.5 km3) és el més jove (Holocè) i prominent edifici volcànic 
(3621 m) del complex Quaternari Tatara-San Pedro (TSP). El TSP (~ 55 km3) es troba en 
el front volcànic dels Andes de Xile (36o S, 71o 51’ W), en l’anomenada Zona Volcànica 
Sud. La major part del TSP consisteix en laves amb composicions d’andesita basàltica (80 
vol%) de tendència calcoalcalina amb continguts mitjans a alts en K. En un gran nombre 
de laves i dipòsits piroclàstics del TSP s’han trobat petits xenòlits(< 5 cm de diàmetre), 
però els més grans (< 50 cm) i abundants s’han trobat en una lava dacítica amb biotita i 
hornblenda del Volcán San Pedro. La majoria dels xenòlits són gabroics (22 mostres), però 
excepcionalment també s’han reconegut granits (1 mostra) i roques metamòrfiques (1 
mostra). 
En base a observacions texturals i composicions modals he dividit els xenòlits en dos 
grans grups. Els xenòlits del Grup I són melanorites i norites amb olivina i estan 
caracteritzats per la presència de vidre ric en SiO2 (67-72 wt%). El vidre es troba reblint 
espais intersticials limitats per cristalls euhedrals i per tant aquests xenòlits són 
probablement comagmàtics amb el volcanisme Holocè. Els xenòlits del Grup II són 
leuconorites amb clinopiroxè i norites amb hornblenda. Aquests xenòlits presenten textures 
subsòlidus (p.e., lamel·les d’exsolució en piroxens) i de deformació (plagiòclasi amb 
macles corbes), el que suggereix que són fragments de roques del sòcol plutònic pre-
Quaternari del TSP. Tot i que els dos grups de xenòlits són d’edats i d’orígens diferents, 
ambdós presenten nombroses textures de reacció entre minerals refractaris de 
cristal·lització primerenca (olivina, espinel·la cromífera, piroxens, o plagiòclasi) i 
l’hornblenda o la flogopita. Un gran nombre de característiques petrològiques indiquen que 
aquestes reaccions no són degudes a la cristal·lització en sistema tancat, sino a processos 
de migració de foses i fluids aquosos: (1) El Na/Ca de la majoria d’hornblendes és elevat 
(0.3-0.7), comparat amb els valors d’hornblendes presents en d’altres xenòlits gabroics de 
zones de subducció, o bé a hornblendes cristal·litzades en experiments de baixa pressió a 
partir de líquids basàltic o andesítics. (2) Les concentracions d’elements traça i les 
relacions d’elements incompatibles dels xenòlits del Grup II poden explicar-se mitjançant 
l’expulsió del líquid intersticial, ric en elements incompatibles, i per l’arribada d’un fluid 
aquós. (3) La presència de microfractures reblertes d’hornblenda i flogopita és evidència 
de migració de foses i fluids aquosos. (4) L’elevada relació Cl/F de les apatites suggereix 
que aquetes van cristal·litzar a partir d’una fosa enriquida en fluids aquosos. (5) La majoria 
de plagiòclasis dels xenòlits del Grup I estan zonades: presenten un nucli anortític (An86-70) 
envoltat per una vora molt més albítica (An40-20). Nuclis i vores estan separats per un canvi 
composicional abrupte de 30-40 mol % d’anortita. Els elements traça (Fe, Ti, K, Sr, Ba, La 
i Ce) també mostren variacions de concentració abruptes entre nuclis i vores. Aquests 
grans canvis composicionals són difícils d’explicar segons un model de cristal·lització en 
sistema tancat i, més aviat, suggereixen una situació en la qual el líquid màfic intersticial, 
en equilibri amb minerals refractaris de cristal·lització primerenca, va ésser reemplaçat per 
un líquid més evolucionat, probablement dacític. (6) La flogopita d’ambdós grups de 
xenòlits està caracteritzada per continguts inusualment elevats en Na2O (1-5 wt%) i per 
relacions elevades de Na/K (fins a 2.2). Això es pot explicar mitjançant processos de 
migració de foses o fluids i reacció amb els minerals preexistents. Tanmateix, les anàlisis 
de microsonda electrònica mostren que les flogopites no són homogènies i que 
consisteixen en fins intercreixements (< 2 µm) de flogopita rica en Na i flogopita. Això es 
pot explicar per la presència d’un solvus entre les flogopites sòdiques i les potàssiques, 
anàleg al solvus que existeix entre les miques blanques sòdiques (paragonita) i potàssiques 
(moscovita). 
Proposo que moltes de les caraterístiques petrològiques i composicionals d’ambdós 
grups de xenòlits són el resultat de processos de migració de foses evolucionades o fluids 
aquosos a través d’una xarxa de cristalls preexistent. La migració de foses va tenir lloc 
mitjançant l’anomenada convecció composicional (xenòlits del Grup I) o bé mitjancant 
compactació dels cumulats o ‘filter pressing’ (xenòlits del Grup II). Les reaccions entre els 
minerals refractaris que formaven la xarxa de cristalls i foses evolucionades o fluids 
aquosos han donat lloc a grans quantitats d’hornblenda (fins a 50 vol %) i flogopita (fins a 
12 vol%). Proposo que la gran abundància de plutons i xenòlits gabroics calcoalcalins amb 
hornblenda, comparada amb l’escassa presència de basalts o andesites basàltiques amb 
hornblenda, pot explicar-se mitjançant processos de migració de foses evolucionades o 
fluids aquosos comparables als que s’han descrit en nombroses intrusions toleítiques (p.e., 





El Volcán San Pedro (1.5 km3) es el más joven (Holoceno) y prominente edificio 
volcánico (3621 m) del complejo Quaternario Tatara-San Pedro (TSP). El TSP (~ 55 km3) 
se encuentra en el frente volcánico de los Andes de Chile (36o S, 71o 51’ W), en la llamada 
Zona Volcánica Sur. La mayor parte del TSP consiste en lavas con composiciones de 
andesita basáltica (80 vol%) con una tendencia calcoalcalina y contenidos medios a altos 
en K. En un gran número de lavas y depósitos piroclásticos del TSP se han encontrado 
pequeños xenolitos (< 5 cm de diámetro), pero los más grandes (< 50 cm) y abundantes se 
han encontrado exclusivamente en una lava dacítica con biotita y hornblenda del Volcán 
San Pedro. La mayoría de los xenolitos son gabroicos (22 muestras), pero 
excepcionalmente también se han reconocido granitos (1 muestra) y rocas metamórficas (1 
muestra). 
En base a observaciones texturales y composiciones modales he dividido los xenolitos 
en dos grupos. Los xenolitos del Grupo I son melanoritas y noritas con olivina, y están 
caracterizados por la presencia de vidrio rico en SiO2 (67-72 wt%). El vidrio se encuentra 
en espacios intersticiales limitados por cristales euhedrales, y por tanto estos xenolitos son 
probablemente comagmáticos con el volcanismo Holoceno. Los xenolitos del Grupo II 
son leuconoritas con clinopiroxeno y noritas con hornblenda. Estos xenolitos presentan 
texturas subsólidus (p.e., lamelas de exsolución en piroxenos) y de deformación 
(plagioclasa con maclas curbas), lo que sugiere que son fragmentos de rocas del zócalo 
plutónico pre-Quaternario del TSP. Aunque los dos grupos de xenolitos son de edades y 
orígenes diferentes, ambos presentan numerosas texturas de reacción entre minerales 
refractarios de cristalización temprana (olivina, espinela cromífera, piroxenos, o 
plagioclasa) y la hornblenda o la flogopita. Un gran número de características petrológicas 
indican que estas reacciones no son debidas a la cristalización en sistema cerrado, sino a 
procesos de migración de fundidos y fluidos acuosos: (1) El Na/Ca de la mayoría de 
hornblendas es elevado (0.3-0.7), comparado con los valores de hornblendas presentes en 
otros xenolitos gabroicos de zonas de subducción, o bien a hornblendas cristalizadas en 
experimentos de baja presión a partir de líquidos basálticos o andesíticos. (2) Las 
concentraciones de elementos traza y las relaciones de elementos incompatibles de los 
xenolitos del Grupo II pueden explicarse mediante la expulsión del líquido intersticial, rico 
en elementos incompatibles, y por la venida de un fluido acuoso. (3) La presencia de 
microfracturas llenas de hornblenda y flogopita es evidencia de migración de fundidos y 
fluidos acuosos. (4) La elevada relación Cl/F de las apatitas sugiere que éstas cristalizaron 
a partir de un fundido enriquecido en fluidos acuosos. (5) La mayoría de plagioclasas de 
los xenolitos del Grupo I están zonadas: presentan un nucleo anortítico (An86-70) envueltos 
por un margen mucho más albítico (An40-20). Nucleos y margenes están separados por un 
abrupto cambio composicional de 30-40 mol % de anortita. Las zonaciones en elementos 
traza (Fe, Ti, K, Sr, Ba, La y Ce) también muestran abruptas variaciones de concentración 
entre nucleos y margenes. Estos grandes cambios composicionales son difíciles de explicar 
según un modelo de cristalización en sistema cerrado y mas bien sugieren una situación en 
la cual el líquido máfico intersticial, en equilibrio con minerales refractarios de 
cristalización temprana, fue remplazado por un líquido mucho más evolucionado, 
probablemente dacítico. (6) La flogopita de ambos grupos de xenolitos está caracterizada 
por contenidos inusualmente elevados en Na2O (1-5 wt%) y por relaciones elevadas de 
Na/K (fins a 2.2). Esto se puede explicar según procesos de migración de fundidos o 
fluidos y reacción con los minerales preexistentes. Sin embargo, los análisis de microsonda 
electrónica ponen en evidencia que las flogopitas no son homogeneas y que consisten en 
finos intercrecimientos (< 2 µm) de flogopita rica en Na y flogopita. Esto puede explicarse 
con la presencia de un solvus entre las flogopitas sódicas y las potásicas, análogo al solvus 
que existe entre las micas blancas sódicas (paragonita) y potásicas (moscovita). 
Propongo que muchas de las caraterísticas petrológicas y composicionales de ambos 
grupos de xenolitos son el resultado de procesos de migración de fundidos evolucionados o 
fluidos acuosos a traves de una red de cristales preexistente. La migración de fundidos se 
produjo mediante la llamada convección composicional (xenolitos del Grupo I) o bien 
mediante compactación de los cumulatos o ‘filter pressing’ (xenolitos del Grupo II). Las 
reacciones entre los minerales refractarios que formavan la red de cristales y fundidos 
evolucionados o fluidos acuosos dieron lugar a grandes cantidades de hornblenda (hasta 50 
vol %) y flogopita (hasta 12 vol%). Propongo que la gran abundancia de plutones y 
xenolitos grabroicos calcoalcalinos con hornblenda, comparada con la escasa presencia de 
basaltos o andesitas basálticas con hornblenda, puede explicarse mediante procesos de 
migración de fundidos evolucionados o fluidos acuosos comparables a los que se han 
descrito en numerosas intrusiones toleíiticas (p.e., Skaergaard, Muskox, Bushveld, 











De nombreuses études pétrologiques sur la diversité des magmas associés aux zones de 
subduction ont montré que de multiples processus magmatiques tels que la fusion partielle, 
le mélange magmatique, la cristallisation fractionnée et l’assimilation, interviennent lors de 
la genèse des magmas d’arc. Quantifier les mécanismes physiques et chimiques de tels 
processus est difficile du fait que souvent seules les laves ou les dépôts pyroclastiques sont 
accessibles à l’étude. Les xénolites sont des fragments de roche entraînés par le magma 
dans la chambre magmatique ou pendant l’ascension ou encore à la surface lors de 
l’éruption. Ils sont ainsi une source d’information pétrologique et géochimique qui n’est 
généralement pas disponible à la surface de la Terre. 
Les laves et les dépôts pyroclastiques de nombreux volcans en zone de subduction 
contiennent des xénolites crustaux plutoniques pour la plupart gabbroïques (Aoki, 1971, 
Itinome-gata, Japon; Arculus & Wills, 1980, Petites Antilles; Conrad & Kay, 1984, Adak, 
arc Aleutian; Grove & Donnelly-Nolan, 1986, Medicine Lake, Californie; Beard, 1986, 
compilation de différents sites; Yagi & Takeshita, 1987, Japon; Fichaut et al., 1989, 
Martinique, Petites Antilles; Beard & Borgia, 1989, Volcán Arenal, Costa Rica; Heliker, 
1995, Mt. St. Helens; Hickey-Vargas et al., 1995, Volcán Calbuco, Sud Chili). 
L’assemblage minéralogique de ces xénolites gabbroïques se caractérise par d’importante 
quantité de hornblende. La présence et la composition de la hornblende (importantes 
teneurs en Cr2O3) dans les xénolites gabbroïques et ont été interprétées comme des 
évidences de cristallisation précoce de la hornblende à partir d’un magma mafique riche en 
eau (e.g., Conrad & Kay, 1984; Yagi & Takeshita, 1987; Beard & Borgia, 1989). Dans 
cette hypothèse, la cristallisation de la hornblende peut être responsable de la 
différenciation calco-alcaline (e.g., Yagi & Takeshita, 1987) et de la prédominance de 
magma andésitique (e.g., Cawthorn & O’Hara, 1976; Foden, 1983; Beard, 1986). 
Cette thèse discute l’idée que les roches gabbroïques calco-alcalines (xénolites et 
plutons) évoluent à travers de multiples étapes de différentiation qui amènent à la 
précipitation tardive de hornblende et de phlogopite. Plus spécifiquement, je propose que la 
plupart des caractères géochimiques et pétrologiques des deux groupes de xénolites 
                                                   
1 This chapter is written in French in accordance with the instructions for publication of 
theses of the Faculté des Sciences, Université de Genève. 
gabbroïques du Volcán San Pedro (Tatara-San Pedro Complex; TSPC; Andes chiliennes) 
reflètent des processus de percolation des liquides dans les zones partiellement cristallisées 
des chambres magmatiques. Ceux-ci impliquent la migration du liquide interstitiel évolué 
et de fluides aqueux, soit par compaction des cristaux, soit par convection entre la zone 
partiellement cristallisée et l’intérieur de la chambre. Les réactions des minéraux 
réfractaires précocement cristallisés (e.g., l’olivine, le spinelle chromifère, les pyroxènes et 
occasionnellement le plagioclase anorthitique) avec les liquides et fluides percolants, 
produisent d’importante quantité de hornblende (jusqu’à 50 vol.%) et de phlogopite 
(jusqu’à 12 vol.%) avec des compositions similaires à celles observées lors de la 
cristallisation précoce des magmas mafiques hydratés (e.g., hautes teneurs en Cr2O3). Les 
processus de migration du liquide interstitiel et les réactions, proposés pour les xénolites de 
San Pedro sont analogues à ceux décris pour plusieurs intrusions stratifiées tholéiitiques 
(e.g., Irvine, 1980, Muskox Intrusion; McBirney, 1995, Skaergaard Intrusion; Mathez, 
1995, Bushveld Complex; Boudreau, 1999, Stillwater Complex) mais ont été rarement 
observés dans les intrusions gabbroïques calco-alcalines. Les objectifs de cette thèse sont: 
(1) définir les différents groupes de xénolites gabbroïques; (2) expliquer leurs multiples 
étapes de différentiation; (3) utiliser les zonations des plagioclases pour mettre en 
évidence ces mécanismes de différentiation; et (4) déterminer l’origine des compositions 
inhabituelles de certaines phlogopites. 
 
1.1. Méthodes et organisation de la thèse 
La thèse s’organise en quatre chapitres distincts: le Chapitre I est une introduction et un 
résumé des résultats. Le Chapitre II rapporte les résultats des détails texturaux, 
minéralogiques, et géochimiques des xénolites. Il est basé sur des analyses de microsonde 
électronique de tous les minéraux ainsi que sur l’analyse sur roche totale des éléments 
majeurs et traces et des isotopes du Sr et Ar. Dans ce chapitre, deux grands groupes de 
xénolites sont distingués et leur séquence de cristallisation sera discutée, incluant les 
évidences de migration de liquide et de fluide. Le Chapitre III rapporte les détails texturaux 
ainsi que les compositions en éléments majeurs et traces des plagioclases zonés d’un sous-
groupe de xénolites. Cette étude est basée sur l’imagerie “Normaski Differential 
Interference Contrast” et sur les analyses par microsonde électronique et ionique. 
L’évidence des processus de migration de liquide proposé dans le Chapitre II est 
développée en recalculant la composition du liquide en équilibre avec le plagioclase. Le 
Chapitre IV porte sur l’origine des phlogopites riches en sodium présentes dans les 
xénolites. Pour ceci, des analyses par microsonde électronique et des images aux rayons X, 
ont été effectuées. Le détail des techniques analytiques est reporté sous forme d’annexe à 
la fin de chaque chapitre. 
 
 
2. CONTEXTE GEOLOGIQUE ET TRAVAUX ANTERIEURS 
Le complexe quaternaire Tatara-San Pedro (TSPC) se situe dans la zone volcanique des 
Andes, à 36°S, 71°51’W. Le TSPC (~55 km3) consiste en huit volcans, actifs durant le 
dernier million d’année. Bien que la plupart du TSPC ait été fortement érodé par les 
glaciers, les centres éruptifs des trois plus jeunes volcans sont encore préservés: Volcán 
Pellado, (3213 m; 188-83 ka), Volcán Tatara (3224 m; 130-105 ka), et Volcán San Pedro 
Holocène (3621 m) (Fig. 1). Le TSPC est le sujet d’études géologiques détaillées dont la 
cartographie et la stratigraphie (Dungan et al., 1992; Singer et al., 1997; Dungan et al. 
1999), le paléomagnétisme (Brown et al., 1994; Pickens & Brown, 1994), et la 
géochronologie (Singer & Pringle, 1996; Singer et al., 1997; Singer et al., 1998) de 
l’édifice volcanique et de son soubassement (Nelson et al., 1999). Le TSPC est constitué 
principalement de laves basaltiques à rhyolitiques, avec des andésites basaltiques 
prédominantes (~80 vol.%). Les études pétrogénétiques antérieures (Davidson et al., 1987; 
Davidson et al., 1988; Ferguson et al., 1992; Singer et al., 1995; Feeley & Dungan, 1996; 
Feeley et al., 1998) ont montré que de nombreuses et complexes histoires magmatiques, 
incluant l’assimilation de croûte la supérieure et inférieure, le mélange magmatique et le 
mélange mécanique, ainsi que la cristallisation fractionnée, ont été enregistrées par les 
laves du TSPC. De petits et rares xénolites ont été trouvés dans les laves de Pellado et dans 
d’autres laves plus anciennes. Les plus grands (<50 cm) et les plus abondants sont présents 
dans une des laves du Volcán San Pedro, sujet de cette étude. 
Deux plutons datés à 6.2-6.4 Ma (Nelson et al., 1999) sont présents dans le socle du 
complexe volcanique composé essentiellement de roches métavolcaniques. Le pluton de 
Risco Bayo, dans la partie nord du complexe, est formé de roches gabbroïques à 
leucogranitiques à enclaves (Fig. 2). Le pluton de Huemul affleure sous le flanc sud et nord 
du complexe et est composé de leucogranites. Les pressions estimées avec le géobaromètre 
Al-hornblende indiquent que les plutons se sont mis en place à 4-5 km (1-1.4 kbar; 
Davidson & Nelson, 1994). 
 
2.1. Volcán San Pedro et xénolites 
L’activité volcanique du Volcán San Pedro (1.5 km3) comprend deux phases: une phase 
de formation du cône avec des laves andésitiques et dacitiques et une phase plus jeune qui 
postdate l’effondrement du flan est, accompagnée d’une éruption explosive produisant des 
dépôts pyroclastiques dacitiques (Singer & Dungan, 1992). Cet ensemble est suivi par une 
séquence de laves qui enregistrent l’éruption d’une chambre magmatique fortement zonée: 
(1) 0.2 km3 de dacite à hornblende-biotite contenant d’abondants xénolites mafiques 
(jusqu’à 45 cm de diamètre) et des inclusions mafiques trempées (IMT). (2) 0.5 km3 de 
dacite à 2 pyroxènes avec d’abondantes IMT, et (3) 0.1 km3 d’andésites avec de rares IMT. 
La dernière activité volcanique consiste en 0.2 km3 d’andésites basaltiques qui reforment le 
cône sommital (Fig. 2). La majorité des xénolites sont gabbroïques (22 échantillons), mais 
quelques granites et roches métamorphiques ont également été échantillonnés. Les 
xénolites de petite taille sont arrondis ou sub-arrondis, tandis que les larges fragments sont 
anguleux (Fig. 2). Les xénolites sont présents de façon homogène dans la coulée, et 
représentent un volume inférieur à 10 %. Le fait que les xénolites soient exclusivement 
présents dans la première coulée qui a suivi l’éruption explosive du à l’effondrement du 
flanc est du Volcán San Pedro, suggère qu’ils sont les fragments des conduits ou des 
parties supérieures de la bordure de la chambre magmatique qui ont été arrachés lors de 




Figure 1. Carte géologique simplifiée du complexe Tatara-San Pedro (TSPC). Les 
principaux centres volcaniques peuvent être distingués: Volcán Tatara, Volcán San 
Pedro. Les xénolites ont été trouvés dans une des coulées dacitiques du Volcán San 
Pedro. Figure modifiée d’après Singer et al. (1997). 
  
Figure 2. A. Regardant vers le nord, vue du flanc sud du Volcán San Pedro. La coulée de 
lave, dans laquelle les xénolites sont présents, est marquée d’une flèche. Nous pouvons 
également distinguer l’affleurement de leucogranite du pluton Huemul (blanc) sur la 
gauche de la photo, recouvert par des roches métamorphiques et les laves du Volcán 
Tatara. L’escarpement du flanc effondré du volcan, qui a induit l’éruption est également 
visible. B. Nombreux xénolites angulaires à sub-arrondis dans la lave dacitique du 
Volcán San Pedro. C. Large xénolite gabbroïque (40 cm de diamètre). 
 3. RESUME DES CARACTERISTIQUES TEXTURALES, MINERALOGIQUES 
ET GEOCHIMIQUES 
La plupart des échantillons sont des leuconorites à clinopyroxène et hornblende, avec 
quelques norites à hornblende et quelques norites à olivine. Tous les échantillons ne 
montrent aucune altération et ne possèdent pas de minéraux secondaires hydrothermaux. 
Sur la base d’observations texturales et de l’abondance modale, j’ai divisé les xénolites en 
deux groupes principaux: 
- Groupe I: il est formé de norites à olivine-hornblende et de mélanorites, partiellement 
cristallisées (3 échantillons). Celles-ci se caractérisent par la présence d’un verre 
rhyolitique résiduel et sont probablement co-magmatiques aux magmas de San Pedro. 
- Groupe II: il consiste en un ensemble de xénolites à texture sub-solidus (pyroxènes 
présentant des lamelles d’exsolution) (19 échantillons). Cet ensemble a été subdivisé en 
deux sous-groupes: a) un Groupe IICL, composé essentiellement de leuconorites à 
clinopyroxène avec une grande proportion de plagioclase (> 50 vol.%), peu d’olivine (<10 
vol.%) et des proportions variables de hornblende (< 40 vol.%); et b) un Groupe IIHN, 
composé de norites à hornblende avec une majorité de hornblende (> 30 vol.%), peu de 
plagioclase (< 35 vol.%) et une quantité d’olivine significative (> 10 vol.%). Les résultats 
des analyses 40Ar/39Ar suggèrent que ces xénolites ont au moins 1 Ma et représentent ainsi 
des fragments du socle plutonique pré-Quaternaire du volcan. Dans le chapitre suivant, je 
présente et discute les principaux caractères texturaux, minéralogiques et géochimiques des 
différents groupes de xénolites. Afin de montrer si la composition des xénolites a été 
affectée par des processus d’accumulation de minéraux ou par des processus de migration 
du liquide interstitiel (e.g., Irvine, 1980), je comparerai la composition des xénolites à la 
composition moyenne de dix basaltes de TSPC, en considérant qu’ils représentent la 
composition d’un liquide mafique. 
 
3.1. Xénolites du Groupe I: norites à hornblende et olivine 
La principale caractéristique pétrographique de ces échantillons est la présence de 
textures de réaction: l’olivine est typiquement résorbée, xénomorphe et entourée de 
hornblende, d’orthopyroxène et de phlogopite, et est plus rarement en contact avec le verre. 
Les rares clinopyroxènes sont également résorbés, xénomorphes et sont présents seulement 
à l’intérieur des hornblendes. Le spinelle chromifère est présent en inclusion dans l’olivine, 
l’orthopyroxène, la horblende et dans le cœur du plagioclase. Par contre, l’orthopyroxène, 
la hornblende, le plagioclase, la phlogopite, et l’apatite sont euhedrals. A partir des critères 
texturaux, je propose que les réactions entre olivine + spinelle chromifère + clinopyroxène 
et un liquide évolué, ont produit l’assemblage hornblende + orthopyroxène + phlogopite 
avec un fort “mg-number” et de hautes teneurs en Cr2O3 (Table 1). Plusieurs 
caractéristiques pétrologiques suggèrent que ces réactions ne sont pas simplement dues à 
une cristallisation en système fermé: (1) les réactions entre le clinopyroxène ou l’olivine et 
le liquide produisant la hornblende, et entre l’olivine et le liquide produisant 
l’orthopyroxène, ont été observées lors d’expériences effectuées avec des basaltes et 
andésites à faible pression (<3 kbar) (e.g., Sisson & Grove, 1993; Grove et al., 1997; 
Moore & Carmichael, 1998; Barclay & Carmichael, in prep.). Cependant, dans aucune de 
ces expériences, la co-cristallisation de la hornblende et de l’orthopyroxène (et la 
phlogopite) a été observée. La phlogopite n’est présente dans aucune expérimentation, 
même avec une cristallinité allant jusqu’à 90 % (Kawamoto, 1996). (2) Les valeurs du 
rapport Na/Ca des hornblendes sont élevées (pour des teneurs en Al similaires) comparées 
à celles des hornblendes des xénolites gabbroïques des zones de subduction et des 
hornblendes des expériences effectuées sur des magmas mafiques à intermédiaires à faible 
pression (<3 kbar). Nous proposons que ces fortes valeurs du rapport Na/Ca des 
hornblendes reflètent les rapports élevés Na/Ca du liquide (e.g., les dacites de San Pedro 
ont un rapport Na/Ca d’environ 1,2). (3) Les valeurs du rapport Na/K des phlogopites sont 
plus hautes que celles reportées dans les expériences à faible pression (< 3 kbar) ou que 
celles des autres plutons ou xénolites gabbroïques. Ceci suggère que le liquide présent lors 
de la cristallisation des phlogopites était riche en K2O et H2O. (4) Le plagioclase montre un 
abrupt changement de composition de An85-70 au cœur à An45-20 en bordure. Ceci est 
difficile à expliquer lors d’une cristallisation en système fermé (e.g., Brophy et al., 1996). 
(5) La coexistence d’olivine forstéritique et de verre rhyolitique est atypique dans les 
système fermé, toutefois, quelques exemples ont été décris dans des systèmes ou un 
mélange mécanique entre magmas felsiques et mafiques à lieu (e.g., Feeley & Dungan, 
1996). 
Afin d’expliquer toutes ces observations, je propose un scénario ou les xénolites étaient 
formés d’un réseau cristallin composé d’olivine, de spinelle chromifère, de clinopyroxène 
et de plagioclase anorthitique avec un liquide mafique remplissant les interstices. Le 
liquide mafique a été remplacé par un liquide plus évolué qui a réagit avec les minéraux 
mafiques et engendre la cristallisation de la hornblende, de l’orthopyroxène et de la 
phlogopite. Ceci est suivi par la cristallisation des bordures albitiques des plagioclases. Le 
processus de migration du liquide est probablement régit par le contraste de densité entre le 
liquide mafique inter-cumulus et le liquide plus évolué et plus léger qui le remplace (i.e., 
convection compositionnelle). Un tel processus a été reproduit en laboratoire dans des 
expériences de cristallisation de sels (e.g., Chen & Turner, 1980; Kerr & Tait, 1986; Tait & 
Jaupart, 1992). 
 
3.2. Xénolites du Groupe IICL: leuconorites à clinopyroxène 
La majorité de ces échantillons montre une texture en mosaïque, sériée, avec parfois une 
orientation préférentielle des plagioclases. Les clino- et orthopyroxènes sont xénomorphes 
à hypidiomorphes, avec des lamelles d’exsolution et sont souvent en amas interstitiels 
entre des cristaux de plagioclase. La hornblende et la phlogopite sont xénomorphes à 
hypidiomorphes, typiquement poecilitiques et entourent les minéraux résorbés et 
xénomorphes de pyroxène, d’olivine et de plagioclase. La hornblende et la phlogopite sont 
également présentes en remplissage de microfractures sub-linéaires. Les oxydes Fe-Ti sont 
automorphes et présents en inclusion dans les pyroxènes, mais dans de nombreux 
échantillons, ils sont poecilitiques et entourent le plagioclase, les pyroxènes et 
occasionnellement la hornblende et la phlogopite. L’apatite, automorphe, est présente entre 
les limites de grain des cristaux de plagioclase ou en inclusion dans la phlogopite. 
Contrairement au Groupe I de xénolites, de nombreux échantillons montrent des textures 
de rééquilibration sub-solidus le long des limites de grain des cristaux de plagioclase et 
entre le plagioclase et les pyroxènes (i.e., angle dièdre des limites de grain constant; 
Hunter, 1987). Le plagioclase montre des macles déformées, des microfissures, des limites 
de grain dentelées, et occasionnellement des recristallisations dynamiques de sous-grains. 
De plus, des microfractures discontinues (<0.5 mm de large) remplies d’oxydes, de 
hornblende et de phlogopite (et fréquemment d’orthopyroxène) sont présentes dans de 
nombreux échantillons. De telles microfractures recoupent tous les minéraux à l’exception 
des hornblendes poecilitiques et des phlogopites. Lorsque les microfractures intersectent le 
contact pyroxène-plagioclase, les deux minéraux sont résorbés, xénomorphes et sont 
entourés d’une bordure de hornblende ou de phlogopite. Ainsi, je propose que les 
microfractures étaient remplies d’un liquide ou d’un fluide aqueux qui a réagit avec les 
pyroxènes et le plagioclase afin de produire les minéraux hydratés. 
Table 1. Compositions representatives des minéraux des xénolites (écart maxime). 
Xénolites du Groupe I
Ol Cpx Opx Hbl Phl Pl Ap Cr-Spl
mg -number 86-76 84-81 82-77 80-72 82-77
Cr2O3 0.3-0.8 < 0.4 < 1.2 <  0.5 10-18




Xénolites du Groupe IICL
Ol Cpx Opx Hbl Phl Pl Ap Cr-Spl
mg -number 81-72 81-73 80-65 77-64 81-70
Cr2O3 < 0.1 < 0.1 < 0.5 < 0.3 18




Xénolites du Groupe IIHN
Ol Cpx Opx Hbl Phl Pl Ap Cr-Spl
mg -number 79-78 89-81 81-77 80-72 84-77
Cr2O3 < 0.3 < 0.1 < 0.5 < 0.2




mg -number=100*Mg/(Mg+Fet), en mols et Fet = fer total. Symboles des minéraux d'après Kretz (1983).
 
 
Les teneurs en éléments majeurs de ce groupe de xénolites sont similaires à celles 
observées dans les basaltes riches en aluminium, typiques des zones de subduction. 
Comparés aux basaltes du TSPC, les xénolites ont de faibles concentrations en éléments 
traces incompatibles (e.g. Zr, Ce, Rb) et des teneurs similaires en éléments compatibles 
(e.g., Sr, Ni) (Table 2). Celles-ci ne peuvent pas s’expliquer par l’accumulation des 
minéraux comme l’olivine et le plagioclase et suggèrent plutôt que ces xénolites ont perdu 
du liquide interstitiel évolué. L’étendue du rapport des éléments incompatibles (e.g., P/Zr) 
suggère que la perte du liquide s’est effectuée avant et après la cristallisation de l’apatite. 
Les lattes de plagioclase déformées et les microfractures remplies essentiellement par la 
hornblende et la phlogopite sont des évidences texturales et minéralogiques qui indiquent 
que l’expulsion du liquide interstitiel évolué s’est faite par un processus de compaction des 
cristaux. Le rapport des éléments incompatibles prenant en compte K et Rb montre des 
valeurs très disparates (e.g., Rb/Y). La mobilisation du K et Rb par rapport aux autres 
éléments incompatibles (e.g., Zr, Y) peut s’expliquer au moyen d’une phase fluide 
aqueuse. Le coefficient de partage du K et Rb entre un fluide et un liquide est beaucoup 
plus grand que celui de Y et Zr (e.g., Keppler, 1996). Par conséquent, les fortes teneurs en 
Rb et K2O et le rapport élevé Rb/Y (ou faible P/Rb) de certains xénolites peuvent être 
expliqués par l’arrivée d’une phase aqueuse (sous la forme de bulles) qui est dissoute dans 
le liquide restant. Le fluide a pu migrer le long des limites de grain des cristaux ou à 
travers les microfractures (e.g., Shinohara & Kazahaya, 1995). De plus, le haut rapport 
Cl/F de certaines apatites appuie l’idée que certains xénolites ont été affectés par l’arrivée 
d’un fluide aqueux. Les analyses d’isotopes stables disponibles (d18O) suggèrent que les 
xénolites n’ont pas été affectés par une circulation d’eau hydrothermale. Le processus 
décrit ci-dessus implique donc des fluides magmatiques. 
 
 
3.3. Xénolites du Groupe IIHN: norites à hornblende 
Les échantillons de ce groupe montrent des textures hétérogènes avec de larges 
hornblendes xénomorphes poecilitiques (> 1cm) qui entourent les cristaux xénomorphes et 
Table 2. Variations compositionelles des xénolites et basaltes du TSPC.
wt % SiO2 MgO K2O Zr* Rb* Sr* Ni* Ce* K/P P/Zr Rb/Y
Group I 46-47 20-21 0.5-0.7 55 11 320-380 446-643 12-15 8-12 9-10 1.1-1.5
Group IICL 46-52 5-10 0.2-2.5 7-84 3-80 560-870 21-240 7-35 3-12 10-35 0.4-27
Group IIHN 45-46 13-16 0.3-0.5 30 7-14 580-630 230-340 7-8 7-22 6-10 2-3
TSPC basaltes# 50.7 (0.6) 8.2 (0.6) 0.85 (0.1) 83 (28) 16 (6) 610 (90) 110 (30) 24 (6) 10 (3) 9 (4) 1 (0.4)
* concentration en ppm. # les nombres entre parenthèses sont la 2-s de la moyenne.
résorbés d’olivine, de clinopyroxène, d’orthopyroxène, de plagioclase, de spinelle 
chromifère et d’oxydes Fe-Ti. La phlogopite est également présente sous forme de cristaux 
poecilitiques qui entourent les cristaux résorbés et xénomorphes d’olivine, 
d’orthopyroxène et de plagioclase. De rares apatites sont présentes aux limites de grain des 
plagioclases. Comme pour les xénolites du Groupe I, j’interprète les cristaux xénomorphes 
et résorbés d’olivine, de pyroxènes et de plagioclase à l’intérieur de la hornblende et de la 
phlogopite, comme une évidence de réaction entre les minéraux anhydres et un liquide 
riche en eau. Il est important de noter que le plagioclase et l’orthopyroxène dans la 
hornblende poecilitique sont déformés (macles courbées du plagioclase et extinction 
irrégulière de l’orthopyroxène). Les cristaux poecilitiques de hornblende et de phlogopite 
ne montrent pas d’évidence claire de déformation texturale. Ainsi, je propose que la 
déformation a eu lieu avant la cristallisation de la hornblende et de la phlogopite. 
La composition de la roche totale de ces xénolites montre de faibles teneurs en éléments 
incompatibles (e.g., Zr, Ce) et de fortes teneurs en Ni comparées aux basaltes TSPC (Table 
2). Etant donné que la cristallisation de la hornblende se produit par réaction entre 
l’olivine, le plagioclase et le liquide, il est difficile d’établir, à partir des abondances 
modales, si les faibles concentrations en éléments incompatibles de ces xénolites sont dues 
uniquement à une accumulation de plagioclase et d’olivine, ou si la perte du liquide est 
également importante. Les rapports d’éléments incompatibles comme P/Zr et P/Y sont 
comparables à ceux des basaltes TSPC et suggèrent ainsi que si la migration d’un liquide 
interstitiel s’est produite, elle a eu lieu avant la cristallisation de l’apatite. Par contre, les 
rapports Rb/Y et K/Y sont plus haut que ceux observés dans les basaltes du TSPC. 
Utilisant les même arguments présentés pour les xénolites du Groupe IICL, je suggère 
qu’un fluide aqueux a percolé. Je propose ainsi, que le liquide interstitiel s’est échappé du 
réseau cristallin, et qu’un fluide s’est dissout dans le liquide résiduel, l’enrichissant en 
éléments volatils, incluant K, Rb et H2O. Ceci à produit une réaction entre les minéraux et 
le liquide, formant la hornblende et la phogopite avec de forts “mg-numbers” et de fortes 
teneurs en Cr2O3. De telles réactions sont probablement responsables des hauts rapports 
Na/Ca de la hornblende et Na/K de la phlogopite (Table 1). L’arrivée d’un fluide et les 
réactions proposées ici, peuvent être analogues aux processus décris par Boudreau (1999) 
pour “olivine-bearing Zone I” du Complexe Stillwater (Montana). De plus, le haut rapport 
Cl/F de certaines apatites supporte l’idée que les xénolites ont été affectés par un fluide. 
Les analyses d’isotopes stables disponibles (d18O et dD) suggèrent que le fluide aqueux est 
magmatique et non météoritique. 
 
3.4. Conclusions 
L’étude pétrographique et géochimique des deux groupes de xénolites gabbroïques du 
complexe de Tatara-San Pedro a montré que ces xénolites ont enregistré plusieurs épisodes 
de cristallisation liés à la migration de liquide. Les réactions des minéraux réfractaires 
(spinelle chromifère, olivine, pyroxènes et plagioclase) avec les liquides évolués et les 
fluides percolants, ont produit la cristallisation de la hornblende et de la phlogopite. Nous 
suggérons que la grande abondance de ces minéraux hydratés dans les gabbros calco-
alcalins par rapport aux basaltes ou andésites basaltiques peut s’expliquer par une 
interaction entre des liquides évolués et les minéraux précocement cristallisés. Le résultat 
des calculs de dynamique des fluides simples suggère que la migration de ces liquides par 
convection compositionnelle à l’intérieur des zones partiellement cristallisées des 
chambres magmatiques calco-alcalines est un mécanisme de différentiation réalisable. 
 
 
4. TEXTURE ET ZONATION EN ELEMENTS MAJEURS ET TRACES DES 
PLAGIOCLASES 
Dans cette partie, j’utilise la texture et la zonation en éléments majeurs et traces des 
plagioclases, avec la composition du verre interstitiel pour tester l’hypothèse que la 
séquence de cristallisation du Groupe de xénolites I consiste en: 
(1) la cristallisation de l’olivine (± spinelle chromifère), suivie par la cristallisation du 
clinopyroxène et du plagioclase anorthitique (An86-An70), (2) le remplacement du liquide 
interstitiel mafique par un liquide plus évolué (e.g., dacitique), et (3) la réaction du liquide 
dacitique avec olivine + spinelle chromifère + clinopyroxène, pour former orthopyroxène + 
hornblende + phlogopite, suivie par la cristallisation du plagioclase pauvre en anorthite 
(e.g. An45-An6) et de l’apatite. 
 
4.1 Texture et zonation en éléments majeurs des plagioclases 
Des traverses de 42 cristaux de plagioclase allant du centre à la bordure (échantillons 
Hx14n and Hx14b) ont été effectuées avec la microsonde électronique (environ 2500 
analyses). Dans la discussion suivante, le cœur des plagioclases correspond à des 
compositions comprises entre An86 et An70 mol%, la zone de transition entre le cœur et la 
bordure correspond à des compositions comprises entre An70 et An45, et la bordure 
correspond à des compositions < An45. 
Les cristaux de plagioclase des deux échantillons montrent des zonations en éléments 
majeurs et des textures comparables, avec l’exception que les plagioclases de l’échantillon 
Hx14b montrent plus de surfaces de dissolution et une zonation oscillatoire plus 
développée que dans l’échantillon Hx14n. Les cristaux de plagioclase qui ne sont pas 
inclus dans l’orthopyroxène, la hornblende, ou la phlogopite montrent un cœur An86 à An70 
avec une zonation normale. Le cœur des plagioclases est entouré d’une bordure à zonation 
normale de An45 à An20. Le passage entre le cœur et la bordure se fait par un abrupt (en 
moins de 100 µm) changement de composition de 30 à 35 mol% d’anorthite (Fig. 3). Les 
cristaux de plagioclase en inclusion dans l’orthopyroxène, la hornblende, ou la phlogopite 
ont les mêmes compositions et présentent une zonation normale de An86 à An40, ce qui 
indique que ces trois minéraux mafiques ont co-cristallisé. 
 
4.2. Zonation en éléments traces des plagioclases 
Des traverses du centre au bord des plagioclases par microsonde ionique ont été 
effectuées sur neuf cristaux de plagioclase représentatifs de l’ensemble des échantillons. 
Au total, 90 analyses ont été effectuées et les éléments suivants ont été analysés: Ca, Mg, 
Fe, Ti, K, Rb, Sr, Ba, La, Ce, Y, et Li. 
Les concentrations en Ti, Sr, Ba, La, Ce, et Li des cœurs des plagioclases augmentent 
en allant vers la zone de transition. Les teneurs en Fe restent plus ou moins constantes, 
tandis que les teneurs en K augmentent dans certains cristaux et diminuent dans d’autres. 
Les concentrations en Mg diminuent toujours. Les concentrations en Rb et Y ne définissent 
pas réellement un enrichissement ou un appauvrissement, probablement du fait de leurs 
larges erreurs analytiques (25-30 %). De grandes et abruptes variations de concentration en 
Fe, Ti, Sr, Ba, K, La, Ce, et Y sont présentes à la transition cœur-bordure. Les bordures ont 
des concentrations plus élevées en Sr, Ba, K, La, Ce et plus faibles en Fe, Ti, et Y que les 
cœurs (Fig. 3). Les concentrations en Mg, Fe, Ti, La, et Ce restent plus ou moins contantes 
de l’intérieur vers l’extérieur de la bordure de tous les cristaux. Les concentrations en Sr, 
Ba et K ont tendance à augmenter vers la partie extérieure de la bordure. 
 
 
4.3. Liquides en équilibre avec les plagioclases 
Dans cette partie, je calcule la composition des liquides en équilibre avec les 
plagioclases en utilisant les équations de Blundy & Wood (1991; équations #18 and #19) 
pour Sr et Ba, et les équations de Bindeman et al., (1998) pour Mg, Ti, Fe, K, La, et Ce. 
On observe que: 
(1) Les liquides en équilibre avec les cœurs des plagioclases montrent un 
enrichissement en TiO2, Sr, Ba, K2O, La, et Ce et un appauvrissement en MgO, qui sont 
comparables à l’évolution des laves basaltiques à basaltiques-andésitiques du Volcán San 
Pedro, et qui s’expliquent par la cristallisation de olivine + clinopyroxène + plagioclase 
anorthitique. 
(2) Les liquides en équilibre avec les zones de transition cœur-bordure des plagioclases 
montrent de grandes variations de concentration, comparables à l’évolution des laves 
basaltiques à andésitiques du Volcán San Pedro. 
(3) Les liquides en équilibre avec les bordures des plagioclases ont de plus faibles 
concentrations en TiO2, FeO* et Sr, et de plus fortes concentrations en K, Ba, et La que le 
liquide en équilibre avec le cœur des plagioclases. De telles différences de composition 
peuvent être expliquées par la cristallisation de la hornblende (± orthopyroxène et 
phlogopite).  
(4) Les liquides en équilibre avec les bordures des plagioclases montrent une diminution 
en Sr et Ba et une augmentation en K/Ba et K2O, tandis que les concentrations en TiO2, 
MgO, La, et Ce restent plus ou moins constantes. Cette tendance n’est pas représentée dans 
les laves de San Pedro et peut s’expliquer par la cristallisation d’un assemblage 
minéralogique dominé par la phlogopite et le plagioclase albitique (e.g., <An40) et montre 
ainsi l’évolution d’un liquide de composition dacitique à rhyolitique. Le fait que les 
concentrations en La et Ce restent plus ou moins constantes, pourrai s’expliquer par la 
cristallisation de l’apatite (présente dans le verre) ou par les hauts coefficients de partage 
de La et Ce reportés pour les biotites (e.g., Nash & Crecraft, 1985). 
Bien que les liquides en équilibre avec les bordures des plagioclases montrent une 
évolution en accord avec le fractionnement d’un liquide dacitique à rhyolitique, les 
concentrations absolues calculées pour Ba et K2O sont environ 50 % plus basses et celles 
de La et Ce sont 50 % plus hautes, comparées aux compositions du verre interstitiel 
rhyolitique et aux laves et plutons dacitiques et rhyolitiques du TSPC. Après avoir 
considéré les différents facteurs (incluant la cristallisation en système fermé et la cinétique 
de cristallisation) pouvant être responsables de la différence entre les compositions 
calculées et celles des liquides évolués du TSPC, deux semblent possibles: (1) les 
coefficients de partage obtenus à partir des équations empiriques de Blundy & Wood 
(1991) et Bindeman et al. (1998) ne sont peut être pas valables pour les compositions 
évoluées des liquides et plagioclases considérées ici, et (2) étant donné que le K, Rb et Ba 
sont fortement compatibles dans la phlogopite, il semble possible que les faibles 
concentrations en ces éléments calculées pour le liquide percolant résultent de la 
cristallisation de la phlogopite. L’arrêt de la cristallisation de la phlogopite et la poursuite 
du processus de migration du liquide pourrai expliquer que la composition du verre 




Figure 3. Profils de composition en anorthite et en éléments traces des cristaux de 
plagioclase de l’échantillon Hx14n. Les bandes grises indiquent la zone de transition 
entre le cœur et la bordure. Notez que les éléments traces suivent l’abrupt changement 
en éléments majeurs suggérant un changement majeur dans la composition du liquide 




La zonation texturale et de composition en éléments majeurs et traces des plagioclases, 
combinée avec la composition du verre interstitiel d’une suite de xénolites gabbroïques, a 
permis de retracer les complexes processus de différentiation qui peuvent avoir lieu dans 
les zones partiellement cristallisées des chambres magmatiques. Les compositions des 
liquides recalculées en équilibre avec les plagioclases indiquent qu’après une première 
étape de différentiation d’un liquide basaltique à basaltique-andésitique, le liquide 
interstitiel a évolué brusquement vers des compositions dacitiques. Ceci peut être expliqué 
par la migration du liquide à travers le réseau cristallin. Le liquide mafique interstitiel a été 
remplacé par un liquide dacitique qui a réagit avec les minéraux préexistants (olivine, 
clinopyroxène et spinelle chromifère), et a formé l’orthopyroxène, la hornblende, et la 
phlogopite. Pendant et après ces processus, le liquide interstitiel a évolué vers des 
compositions rhyolitiques. Cependant, pour les compositions des plagioclases (e.g., < 
An40) ou des liquides évolués, les compositions recalculés sont différentes de celles du 
verre rhyolitique interstitiel des xénolites et des laves et plutons dacitiques du TSPC. Ceci 
peut être du au fait de la complexité des processus de migration des liquides et des 
réactions qui se produisent dans les zones partiellement cristallisées des chambres 




5. ORIGINE DES PHLOGOPITES RICHES EN Na 
La présence et la composition de la phlogopite (jusqu’à 5 % pds (poids) de Na2O) dans 
les trois groupes de xénolites gabbroïques sont des caractères inhabituels des roches 
gabbroïques calco-alcalines. Jusqu’à présent, la phlogopite avec de fortes teneurs en Na2O 
a été seulement décrite sous forme d’inclusion mono- ou polyminérale dans les intrusions 
stratifiées (e.g., Stillwater complex, Talkington et al., 1986; Laouni intrusion, Lorand & 
Cottin, 1987) et dans les complexes ophiolitiques (Hongguleleng ophiolite, Peng et al., 
1995). Dans ces contextes, la phlogopite riche en Na est communément associée avec la 
phlogopite, l’olivine, les pyroxènes, l’albite, les feldspathoïdes, et l’amphibole riche en Na.  
Dans le Groupe I de xénolites, la phlogopite représente jusqu’à 8 vol.%. Elle est 
présente dans le verre interstitiel sous forme de cristaux xénomorphes à hypidiomorphes et 
entoure les cristaux résorbés d’olivine et de spinelle chromifère. Les phlogopites ont des 
“mg-numbers” élevés et de fortes teneurs en Cr2O3 (Table 2). Les teneurs en Na2O varient 
de 1,5 à 3,5 % pds, et le rapport Na/K de 0,2 à 0,9. L’occupation du site A varie de 0,9 à 1, 
ce qui différencie ces phlogopites des wonesites qui ont des couches interstratifiées 
incomplètes (Spear et al., 1981). 
Dans le Groupe IICL de xénolites, la phlogopite (jusqu’à 15 vol.%) se présente sous la 
forme de petits cristaux poecilitiques (< 1 mm) entourant les cristaux résorbés de 
plagioclase, d’orthopyroxène et d’oxydes Fe-Ti. La phlogopite est également présente en 
remplissage des microfractures. Les phlogopites poecilitiques ont des “mg-numbers” qui 
varient de 81 à 70 et des teneurs en Cr2O3 inférieures à 0,2 % pds. Les teneurs en Na2O 
(1,1-2,1 % pds) et le rapport Na/K (0,2-0,4) sont plus faibles que ceux des phlogopites du 
Groupe de xénolites I. Les phlogopites remplissant les microfractures ont de plus faibles 
“mg-numbers”, de plus faibles teneurs en Cr2O3 (< 0,15 % pds) et Na2O (0,7-1,3 % pds), et 
un plus faible rapport Na/K (~ 0.2) que les phlogopites poecilitiques. Je propose que les 
plus hauts “mg-numbers” et les plus fortes teneurs en Cr2O3 des phlogopites poecilitiques 
sont le résultat de réactions entre les minéraux mafiques (e.g., l’olivine, le spinelle 
chromifère, et les pyroxènes) et un liquide évolué qui a pu migrer à travers les 
microfractures. 
Dans le Groupe IIHN de xénolites, la phlogopite représente 4 vol.% et est généralement 
hypidiomorphe à xénomorphe. Elle est en inclusion dans les cristaux de hornblende, 
entoure les cristaux résorbés d’olivine, de spinelle chromifère et d’orthopyroxène. 
Contrairement au Groupe I, elle est également présente autour du plagioclase résorbé. Les 
phlogopites ont de forts “mg-numbers” variant de 84 à 77, et des teneurs en Cr2O3 allant 
jusqu’à 0,2 % pds. La plupart des phlogopites ont des concentrations en Na2O comprises 
entre 1 et 2,5 % pds, à l’exception d’un cristal poecilitique qui contient jusqu’à 5 % pds de 
Na2O, et un rapport Na/K allant jusqu’à 2,2. Une carte d’élément par rayons X de ce cristal 
de phlogopite montre que les concentrations en Na ne sont pas homogènes (Fig. 4). Le 
cristal se compose de bandes riches en Na (< 50 µm) qui sont parallèles aux clivages 
(parallèle au plan 001) et qui correspondent à des zones pauvres en K. Une traverse par 
microsonde électronique à travers la zone riche en Na de ce cristal montre des variations en 
Na2O de 2 % pds sur moins de 10 µm, suggérant que les zones riches en Na sont 
hétérogènes et probablement consistent en de fins (< 1-2 µm) enchevêtrements de 




Figure 4. Cartes de distribution par rayons X de Na et K. La distribution de Na et K forme 
des bandes approximativement parallèles aux clivages. La ligne de tirets marque la 
position de la traverse effectuée à la microsonde électronique montrée dans la Figure 5. 
 
 
Figure 5. Traverse de la zone riche en Na du cristal de phlogopite montré en Figure 4. A 
l’intérieur de la zone riche en Na, on observe des variations de concentration en Na2O 
allant jusqu’à 2 % pds suggérant que les zones riches en Na sont hétérogènes et 
consistent en de fins enchevêtrements de phlogopite riche en Na et de phlogopite sensu 
stricto. 
 
De tels changements de composition en Na2O et K2O dans la phlogopite sont difficiles à 
expliquer par des changements de composition du liquide seul, et reflètent la présence d’un 
solvus. 
Je propose que les hauts “mg-numbers”, les fortes teneurs en Cr2O3 et les concentrations 
modérées en Na2O (2 % pds) de certaines phlogopites peuvent s’expliquer par des 
processus en système ouvert de migration de liquides évolués riches en eau et de réactions 
avec les minéraux mafiques précocement cristallisés (olivine, spinelle chromifère, et 
pyroxènes). Les hautes teneurs en Na2O (jusqu’à 5 % pds) et le haut rapport Na/K (2,2) des 
autres phlogopites semblent impliquer des réactions avec des liquides ayant un rapport 
Na/K invraisemblablement élevé. Ceci, plus le fait que les cristaux de phlogopite 
consistent en de fins enchevêtrements de phlogopite riche en Na et de phlogopite pauvre en 
Na, suggèrent qu’il y a un solvus entre les deux pôles de composition (Na-K) des 
phlogopites. La présence de phlogopite riche en sodium dans les deux groupes de 
xénolites, d’âge différent, suggère qu’elle peut être un minéral plus commun que ce qui a 
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 CHAPTER II 
 
 
HORNBLENDE AND PHLOGOPITE-BEARING GABBROIC CRUSTAL 
XENOLITHS FROM VOLCÁN SAN PEDRO (36o S), CHILEAN ANDES: 
INSIGHTS TO MELT (AND FLUID) MIGRATION AND REACTION 





A late Holocene eruption of Volcán San Pedro (Tatara-San Pedro Volcanic Complex, 
TSPC, 36o S, Chilean Andes) brought to the surface two groups of gabbroic xenoliths. 
Group I comprises olivine melanorites and norites bearing interstitial residual glass and 
thus are potentially co-magmatic with the Holocene volcanism. Group II consists of 
clinopyroxene leuconorites (CL) and hornblende norites (HN). These display subsolidus 
and deformation textures suggesting they are fragments of the plutonic basement of the 
TSPC. Both groups of xenoliths show reaction relations between early-formed refractory 
minerals (olivine, Cr-spinel, pyroxenes, or plagioclase) and late hornblende and 
phlogopite. A number of petrologic features suggest that these reactions are not simply due 
to closed-system crystallization: (1) The Na/Ca of most hornblendes is high (0.3-0.7) 
compared to hornblendes from other subduction-related gabbroic xenoliths or to 
hornblendes from low pressure experiments of basaltic to andesitic compositions. (2) 
Phlogopite has extremely high Na/K (0.2-2.2) approaching those of pure sodium 
phlogopite. (3) Group II xenoliths display bulk-rock trace element concentrations and 
ratios of incompatible elements that are consistent with loss of evolved melt and fluxing by 
an aqueous fluid (4) Microfractures filled with hornblende and phlogopite are evidence of 
melt and fluid migration. (5) The halogen concentrations of apatite (high Cl/F) suggest 
they crystallized from fluid-enriched melts. We propose that the textures, bulk-rock, and 
mineral compositions of these xenoliths have been substantially modified by interactions 
between early-crystallized minerals and percolating evolved melts and aqueous fluids. It is 
argued that the abundance of hornblende in calc-alkaline gabbroic plutons and xenoliths 
compared to its paucity in basaltic or basaltic andesitic lavas can be explained by open-





It is well established that melt and fluid migration through a partly crystalline 
framework is an important differentiation mechanism in tholeiitic layered intrusions. 
Specifically, melt and fluid migration in tholeiitic intrusions have been invoked to explain: 
(1) shifts in the expected crystallization sequence (e.g., Bushveld Complex, Nicholson & 
Mathez, 1991; Stillwater Complex, Meurer et al., 1997; Boudreau, 1999), (2) changes of 
the mineral proportions and compositions caused by reactions between the cumulus 
minerals and the percolating liquids (e.g., Muskox Intrusion, Irvine, 1980; Skaergaard 
Intrusion, McBirney & Sonnethal, 1990; Bushveld Complex, Mathez, 1995), and (3) 
depletions of incompatible elements in the lower sections and enrichments in the upper-
middle sections, including the formation of ore deposits (e.g., Stillwater Complex, 
Boudreau & McCallum, 1992; Skaergaard Intrusion, McBirney, 1995; Bushveld Complex, 
Mathez 1995). Experiments and theoretical work on fluid dynamics through porous media 
support the idea that density-driven convection or compaction are indeed feasible 
differentiation mechanisms in tholeiitic systems (e.g., Chen & Turner, 1980; Huppert et al., 
1986; Kerr & Tait, 1986; Martin et al., 1987; McKenzie, 1987; Tait & Jaupart, 1992; 
Marsh, 1995; Hort et al., 1999). 
In contrast, the compositional and petrological imprints of open-system percolative 
processes in calc-alkaline gabbroic rocks have been rarely documented (e.g., Sawka et al., 
1990; DuBray & Harlan, 1996). Because calc-alkaline magmas have higher water contents 
compared to tholeiitic, they have different densities, viscosities, and mineral assemblages, 
one would expect that the compositional and mineralogical effects of melt migration and 
reaction in calc-alkaline systems to be different. 
In this chapter we present a detailed mineralogical, textural, and compositional study of 
two groups of gabbroic xenoliths from the calc-alkaline Volcán San Pedro (Tatara-San 
Pedro Volcanic Complex, TSPC, 36o S, Chilean Andes). These xenoliths record complex 
crystallization histories that involve migration of evolved interstitial liquids driven by 
compaction and convection, and reactions between refractory cumulus minerals (olivine, 
Cr-spinel, pyroxenes, and plagioclase) and percolating melts and aqueous fluids. The main 
effects of these interactions were to produce substantial amounts of hornblende (up to 50 
vol. %) and phlogopite (up to 15 vol. %), from which we suggest that the larger 
proportions of these hydrous minerals in calc-alkaline gabbros compared to basalts can be 
explained by open-system percolative processes. 
 
 
2. GEOLOGICAL SETTING AND PREVIOUS WORK 
The Quaternary Tatara-San Pedro Complex (TSPC) is located on the volcanic front of 
the Southern Volcanic Zone (SVZ) of the Andes, at 36o S, 71o51'W (Fig. 1). The TSPC (~ 
55 km3) consists of a least eight different volcanoes that were active during the last million 
years. Although much of the TSPC has been substantially eroded by glaciers, the vents of 
the three youngest volcanoes are still preserved: Volcán Pellado (3213 m; 188-83 ka), 
Volcán Tatara (3224 m, 105-130 ka), and the Holocene Volcán San Pedro (3621 m) (Fig. 
2). The TSPC is the subject of detailed geological studies including mapping, stratigraphy 
and sampling (Dungan et al., 1992; Singer et al., 1997; Dungan et al., submitted), 
paleomagnetism (Brown et al., 1994; Pickens & Brown, 1994), and geochronology (Singer 
& Pringle, 1996; Singer et al., 1997; Singer et al., 1998) of the volcanic edifice and of the 
basement around it (Nelson et al., 1999). The TSPC consists mainly of lavas with 
compositions ranging from basalt to rhyolite, although basaltic andesite predominates (~ 
80 vol. %). Previous petrogenetic modeling studies (Davidson et al., 1987; Davidson et al., 
1988; Ferguson et al., 1992; Singer et al., 1995; Feeley & Dungan, 1996; Feeley et al., 
1998) have shown that complex and diverse magmatic histories including lower and upper 
crustal assimilation, magma mixing and mingling, and fractional crystallization have been 
recorded in the lavas of the TSPC. Scarce and small (<5 cm) xenoliths have been found in 
some Pellado and older lavas, but the largest (< 50 cm) and most abundant xenoliths occur 
in one lava of Volcán San Pedro. The latter are the subject of this study. 
The basement rocks of the volcanic complex consist of metavolcanic rocks that are 
intruded by two granitoid plutons dated at 6.2-6.4 Ma (Nelson et al., 1999). The Risco 
Bayo pluton crops out at the northern part of the complex, is mainly an enclave-bearing 
granodiorite but it ranges from gabbro to leucogranite (Fig. 2). The Huemul pluton crops 
beneath the southern and northern flanks of the complex and is a leucogranite. Pressure 
estimates with the Al-in hornblende geobarometer indicate that the plutons were emplaced 
at ~ 4-5 km (1-1.4 kbar; Davidson & Nelson, 1994). 
 
2.1. Volcán San Pedro and xenoliths  
Volcanic activity at Volcán San Pedro (1.5 km3) is divided (Singer & Dungan, 1992) 
into a cone-building phase comprising andesitic and dacitic lavas and a younger phase that 
post-dates a sector collapse of the eastern flank, which was accompanied by an explosive 
eruption that produced air-fall dacitic deposits. This was followed by a sequence of lavas 
that apparently records the downward tapping of a strongly zoned magma chamber. The 
eruptive sequence comprises: (1) 0.2 km3 of biotite-hornblende dacite containing abundant 
mafic xenoliths (up to 45 cm in diameter) and quenched mafic inclusions (QMI), (2) 0.5 
km3 of two-pyroxene dacite with abundant QMI, and (3) 0.1 km3 of two-pyroxene andesite 
with rare QMI. The last volcanic activity at this cone consisted of 0.2 km3 of basaltic 
andesite magma that rebuilt the summit cone. The majority of the xenoliths are gabbroic 
(22 samples), although scarce granites (1 sample) and metamorphic rocks (1 sample) were 
also collected. Small xenoliths are rounded to subrounded, whereas larger fragments are 
angular (Fig. 3). The xenoliths are homogeneously distributed in the first and most evolved 
flow of the post-collapse eruptive sequence. They commonly are <10 vol. %. The fact that 
the xenoliths have exclusively been found in the first lava flow following the catastrophic 
structural failure of the east flank of Volcán San Pedro suggests that they are fragments of 
the conduits or upper parts of the margins of the San Pedro magma chamber that were 
shattered during the eruption (in a similar fashion to the May 18, 1980 Mount St. Helens 
eruption; Heliker, 1995). 
 
Figure 1. Simplified geological map of Central Chile showing the location of the Tatara-
San Pedro Volcanic Complex. Black triangles indicate main Quaternary volcanic 
centres. Pz-Palaeozoic rocks, Mz-Mesozoic rocks. Grey shaded areas indicate Tertiary 
plutons. Figure modified from Hildreth & Moorbath (1988) and from Dungan et al. 
(submitted). The location of Tertiary plutons is from Mapa Geológico de Chile (1982). 
 
Figure 2. Simplified geological map of the Tatara-San Pedro Volcanic Complex. Note the 
two plutons that crop out in the northern and southern part of the complex. The 
xenoliths were found in a dacite flow of Volcán San Pedro. Figure modified from 




Figure 3 A-D. Field and hand speciment aspect of the xenoliths. A. Numerous angular to 
subrounded xenoliths in the biotite-hornblende dacite lava flow of Volcán San Pedro. B. 
Large gabbroic xenolith (40 cm diameter). C. Olivine norite xenolith (sample Hx14n) 
bearing interstitial glass. Lava is on the left corner of the picture. Scale bar is 12 cm 
across. D. Hornblende leuconorite xenolith (sample Hx14y). Note the NW-SE trending 
microfractures. Brown patches are hornblende and phlogopite. Scale bar is 12 cm 
across. 
 
3. TEXTURES OF THE GABBROIC XENOLITHS 
The majority of the samples are clinopyroxene leuconorites and norites, with minor 
hornblende norites and olivine norites (Table 1). All samples lack alteration or secondary 
hydrothermal minerals. On the basis of textural observations and modal abundances (Fig. 
4), we have divided the xenoliths into two main groups (Table 1): 
-Group I consists of partially crystallized olivine-hornblende norites and melanorites (3 
samples). These are characterized by the presence of interstitial residual glass and thus are 
potentially co-magmatic with San Pedro magmas. 
-Group II consists of xenoliths with subsolidus and deformation textures (19 samples). 
These have been further subdivided into: a) Group IICL are mainly clinopyroxene 
leuconorites with high proportions of plagioclase (> 50 vol. %), low olivine (< 10 vol. %) 
and variable amounts of hornblende (< 40 vol. %), and b) Group IIHN are hornblende 
norites with high modal proportions of poikilitic hornblende (> 30 vol. %), low plagioclase 
(< 35 vol. %) and significant amounts of olivine (> 10 vol. %). These xenoliths are 
fragments of the pre-Quaternary the plutonic basement of the volcano. Xenoliths of Group 
IICL have modal compositions similar to most gabbroic xenoliths found at subduction-




Figure 4. Mineral modes of the xenoliths compared to other gabbroic xenoliths from 
subduction-related volcanoes. Group IICL xenoliths have similar modes to other 
xenoliths, whereas Group I and Group IIHN have less common compositions. Data 
sources: Mt. Pelée xenoliths (Fichaut et al., 1989), Mt. St. Helens (Heliker, 1995), 
Medicine Lake (Grove & Donnelly-Nolan, 1986), Calbuco (Hickey-Vargas et al., 1995) 
and Lesser Antilles (including quartz-bearing gabbros of Arculus & Wills, 1980). 
Figure modified from Arculus & Wills (1980). 
 
 
3.1. Group I. Partially crystallized olivine norites 
These samples consist of olivine, orthopyroxene, hornblende, plagioclase, and 
phlogopite forming a medium grained (1-5 mm) crystal network with interstitial 
vesiculated SiO2-rich (67-72 wt %) glass filling the interstices. Glass is distributed in 
isolated and occasionally interconnected pockets bounded by euhedral crystal faces 
suggesting that it is residual from crystallization and not due to partial melting (Fig. 5). A 
salient petrographic feature of these samples is the presence of reaction textures: olivine is 
typically resorbed, anhedral and surrounded by hornblende, orthopyroxene, and 
phlogopite, but is also much less commonly in contact with glass (Fig. 5). Rare 
clinopyroxene is also resorbed, anhedral and present only within hornblende. Cr-spinel 
occurs as inclusions in olivine, orthopyroxene, hornblende, and in plagioclase cores. In 
contrast, orthopyroxene, hornblende, plagioclase, phlogopite, and apatite are commonly 
euhedral (Fig. 5). From textural criteria we infer reaction relations between the early-
crystallized cumulus olivine and clinopyroxene and the interstitial liquid to produce post-




Figure 5 A-D. Photomicrographs of Group I xenoliths. A. Sample Hx14n. Anhedral, 
resorbed Ol surrounded by Hbl and Opx. This suggests a reaction relation between the 
interstitial liquid and Ol to produce Hbl and Opx. B. Sample Hx14k. Hbl enclosing 
anhedral, resorbed Ol, but euhedral Pl. Note also Phl surrounding anhedral Ol.. C. 
Sample Hx14b. Vesiculated interstitial SiO2-rich glass (66-72 wt %) in contact with 
euhedral Opx, Hbl and Phl. Also note the Ol crystals (Fo82) in contact with the silica-
rich glass. D. Sample Hx14b. Detail of an euhedral Phl in vesiculated residual glass. Phl 
is surrounding anhedral, resrorbed Ol crystals suggesting a reaction relation between the 
interstitial liquid and Ol to produce Phl. 

 Table 1. Modes, names and main textural features of the xenoliths  
Sample Rock type Grain size     
Modal 
mineralogy 
(vol%)     Distinctive texture Deformation microfractures (< 0.5 mm)
               
Group I. Partially crystallized xenoliths Ol Cpx Opx Hbl Pl Phl Phl(lt) Opaque Glass    
               
Hx14b Ol norite medium 28.2 0.0 8.0 11.5 37.2 1.6 0.0 0.9 12.7 
poik. Hbl & Phl, residual 
glass no no 
Hx14k Ol norite medium 22.9 0.0 20.7 21.1 25.3 7.9 0.0 1.4 0.6 poik. Hbl & Phl  no no 
Hx14n Ol melanorite medium 20.6 0.3 16.8 33.1 23.4 3.0 0.0 0.3 2.7 
poik. Hbl & Phl, residual 
glass no no 
Group II. Xenoliths with subsolidus textures             
               
   Group IICL               
Hx12a Cpx leuconorite medium 0.0 8.4 14.1 1.7 68.1 0.7 0.2 4.0 2.7 mosaic, poik. Fe-Ti oxides Pl no 
Hx12b Hbl leuconorite medium 0.4 2.3 13.0 13.8 58.5 0.0 1.6 4.0 6.5 mosaic, poik. Fe-Ti oxides Pl no 
Hx14a Cpx leuconorite fine-medium 0.6 8.8 16.1 3.6 65.9 0.1 0.8 4.3 0.0 mosaic, poik. Fe-Ti oxides Pl Opx, Hbl, Phl, opaque 
Hx14c Hbl norite medium-coarse 0.0 0.0 11.7 23.1 50.0 0.3 9.4 1.0 4.6 poik. Hbl & Fe-Ti oxides Opx, Pl, Hbl Opx, Pl 
Hx14d Cpx leuconorite medium 0.0 6.1 10.7 5.2 70.8 0.0 0.0 2.6 4.6 mosaic, poik. Fe-Ti oxides Pl Opx, Hbl, Phl, opaque 
Hx14e Cpx leuconorite coarse 7.5 0.0 13.4 8.3 68.5 1.8 0.0 0.6 0.0 poik. Hbl & Phl Pl, Phl no 
Hx14h Cpx leuconorite medium-coarse 3.8 1.5 14.5 1.3 70.2 1.9 3.8 3.0 0.0 heterogeneous, Pl oriented  Opx, Pl, Hbl Hbl 
Hx14i Cpx leuconorite medium-coarse 0.0 4.9 13.9 8.3 66.8 0.6 2.7 2.8 0.0 mosaic, poik. Fe-Ti oxides Pl Hbl, Phl, opaque
Hx14j Cpx leuconorite medium 0.0 9.3 19.2 2.2 62.3 0.9 1.9 4.3 0.0 poik. Opx & Fe-Ti oxides Pl no 
Hx14l Hbl norite fine 0.0 0.0 0.6 37.9 50.8 0.0 2.1 6.4 2.2 seriate Pl no 
Hx14m Hbl leucogabbro fine-medium 0.0 7.5 7.2 16.3 65.5 0.0 0.0 3.4 0.0 mosaic, enclave bearing no no 
Hx14q Cpx leuconorite medium 0.5 3.5 16.7 8.1 55.9 0.0 11.7 3.7 0.0 mosaic heterogeneous Pl Hbl, Phl (1mm wide)
Hx14s Hbl norite medium 0.0 0.2 8.0 28.0 57.0 0.0 2.7 3.1 1.2 mosaic, poik. Fe-Ti oxides Opx, Pl, Hbl Opx, Pl, Hbl 
Hx14u Cpx leuconorite medium 0.0 3.0 25.9 0.1 64.1 3.9 0.0 2.9 0.0 mosaic, poik. Fe-Ti oxides Pl Hbl 
Hx14w Cpx leuconorite medium-coarse 0.0 0.6 7.2 4.5 81.3 1.4 0.5 1.3 3.2 poik. Hbl, Phl Pl Opx ,Hbl, Phl
Hx14y Hbl leuconorite medium-coarse 0.5 0.0 5.8 10.4 55.3 15.0 13.0 0.1 0.0 poik. Hbl & Phl Pl Opx ,Hbl, Phl
Hx14x Hbl gabbro fine 0.0 0.0 0.0 30.2 61.4 1.5 0.0 6.9 0.0 Pl & Hbl oriented Pl no 
   Group IIHN               
Hx14v Hbl norite coarse 22.6 0.0 6.0 31.6 35.5 4.0 0.0 0.4 0.0 poik. Opx, Hbl, Phl 
Pl, Opx, Hbl, 
Phl no 
Hx14z Hbl melanorite medium-coarse 10.3 0.0 9.7 48.1 25.3 3.9 0.0 2.7 0.0 poik. Opx, Hbl, Phl 
Pl, Opx, Hbl, 
Phl Opx, Pl, Hbl, Phl
Note: Modes based on point counting ~2000 points except for fine grained rocks (~1000 points). Grain size: coarse >5 mm; 5 <medium>1mm; 1 mm > fine. Poik. refers to a poikilitic mineral.  
Names of rocks follow Streckeisen (1976) and Le Maitre (1989). Mineral symbols after Kretz (1983). Phl (lt) refers to late phlogopite (see text). 
 
 
3.2. . Group IICL. Clinopyroxene leuconorites with subsolidus textures 
The majority of these samples are characterized by a mosaic, seriate texture (Shelley, 
1993), in some case with plagioclases displaying a preferred orientation. Anhedral to 
subhedral clino- and orthopyroxenes display exsolution lamellae in many samples and 
commonly occur as clusters interstitial to larger plagioclase crystals. Orthopyroxene 
occasionally occurs as oikocrysts including plagioclase, and in some samples is present in 
microfractures (see below). Olivine is commonly anhedral and contains inclusions of Cr-
spinel (only present in sample Hx14e). It is commonly surrounded by rims of 
orthopyroxene, Fe-Ti oxide symplectites, and occasionally, by small flakes of phlogopite 
which we refer to as late phlogopite. 
Subhedral to anhedral hornblende and phlogopite typically occur as small (< 1 mm 
across) crystals surrounding resorbed, anhedral pyroxenes, olivine, and plagioclase. 
Hornblende and phlogopite are also found filling sub-linear microfractures (Fig. 6). Radial 
aggregates of late phlogopite are occasionally present as the replacement products of 
hornblende, as reaction rims around olivine, and in some cases after orthopyroxene. 
Euhedral Fe-Ti oxides occur as inclusions in pyroxenes, but in many samples these are 
poikilitic, anhedral and they surround anhedral plagioclase, pyroxenes and occasionally 
hornblende and phlogopite (Fig. 6). Anhedral apatite is the only accessory mineral and it 
occurs between grain boundaries of plagioclase crystals or inside phlogopite. 
In contrast to Group I xenoliths, most samples show subsolidus textural reequilibration 
along grain boundaries between plagioclase crystals and between plagioclase and 
pyroxenes (i.e., constant grain boundary dihedral angles between crystals; Hunter, 1987). 
These samples also have been variably deformed (see Table 1). Plagioclase commonly 
shows bent twins, microcracks, and serrated grain boundaries, and occasionally subgrain 
dynamic recrystallization (Fig. 6). Orthopyroxene and hornblende oikocrysts occasionally 
display weak uneven extinction may be related to subgrain recrystallization, whereas 
phlogopite oikocrysts show kink-bands. In addition, discontinuous microfractures (<0.5 
mm in width) filled with Fe-Ti oxides, hornblende and phlogopite (and frequently also 
orthopyroxene) are present in many samples (Fig. 6). Such microfractures cut across all 
minerals except poikilitic hornblende and phlogopite. Where microfractures intersect 
pyroxene-plagioclase contacts, both minerals are resorbed, anhedral and they are mantled 
by a rim of hornblende or phlogopite (Fig. 6). From this textural relation we infer that the 
microfractures hosted melts or aqueous fluids that reacted with pyroxenes and plagioclase 
to produce the hydrous minerals (Table 2). 
Minor amounts of glass (<6.5 vol. %) are present in some of these samples. Glass 
occurs exclusively along resorbed grain boundaries of plagioclase crystals, plagioclase-
orthopyroxene, and plagioclase-hornblende, indicating that it is the result of partial melting 
and not residual from crystallization as is the case of Group I xenoliths. Small euhedral 





Figure 6 A-F. Photomicrographs of Group IICL xenoliths. A. Sample Hx14a. Typical 
leuconorite consisting of abundant Pl, Cpx, Opx and Fe-Ti oxides. B. Sample Hx14i. 
Poikilitic Fe-Ti oxides enclosing resorbed Pl crystals. Note Hbl crystallized on 
pyroxenes and the small microfracture on the right corner of the picture. C. Sample 
Hx14i. Note microfracture cutting across Pl and filled with Hbl and Phl. Where the 
microfracture intersects pyroxenes, larger Hbl crystals are present. D. Sample Hx14q. 
Large microfracture filled with Hbl and Phl. Note also the numerous smaller 
microfractures filled with Hbl and Phl. E. Sample Hx14y. Poikilitic Hbl surrounding 
subrounded Pl crystals. Note how Pl crystals with bent twins (black arrows) are also 
fractured. F. Sample Hx14y. Fractured and bent Pl crystals with microfractures filled 
with Hbl, Phl and in some cases Opx (center of the picture). 
3.3. Group IIHN. Hornblende norites with subsolidus textures  
Samples from this group are texturally heterogeneous and are characterized by large 
anhedral hornblende oikocrysts (>1cm) that surround anhedral, resorbed olivine, 
clinopyroxene, orthopyroxene, plagioclase, Cr-spinel, and Fe-Ti oxides (Fig. 7). Where 
hornblende is absent, the samples consist of large orthopyroxene crystals (up to 5 mm 
long) and a mosaic of subhedral plagioclase. Phlogopite is also present as oikocrysts that 
include resorbed, anhedral olivine, orthopyroxene, and plagioclase. It occasionally occurs 
inside hornblende oikocrysts. Rare anhedral apatite is present along plagioclase grain 
boundaries.  
As for the previous groups of xenoliths, we interpret the anhedral and resorbed olivine, 
pyroxenes, and plagioclase inside hornblende and phlogopite as evidence of reaction 
relations between the anhydrous minerals and a water-rich melt (Table 2). It is worth 
noting that plagioclase and orthopyroxene inside hornblende oikocrysts are deformed (bent 
twins in plagioclase and uneven extinction in orthopyroxene, Fig. 7). Hornblende 
oikocrysts do not show clear textural evidence of deformation, whereas phlogopite shows 
occasionally kink bands. From these textural relations we infer that a main deformation 
event occurred prior to hornblende and phlogopite crystallization.  
Small and discontinuous microfractures (<0.5 mm) cut through plagioclase crystals and 
are filled either with hornblende, phlogopite or plagioclase. Hornblende oikocrysts are not 
cut by the microfractures. These samples are also partially melted, with minor amounts 
(<0.5 vol. %) of glass occurring along resorbed grain boundaries of plagioclase crystals, 
plagioclase-orthopyroxene and plagioclase-hornblende. 
 
 
Table 2. Proposed reactions derived from textural observations 
 
 Orthopyroxene Hornblende Phlogopite 
Group I. 
Olivine norites 
li + Ol ± Cr-Spl li + Ol ± Cr-Spl 
li + Cpx ± Cr-Spl 
 




li + Ol li + Cpx 
li + Opx 
li + Ol + Pl ± Cr-Spl  
li + Cpx + Pl ± Cr-Spl 
li + Opx + Pl ± Cr-Spl 
 
li + Ol ± Pl ± Cr-Spl 
Group IIHN. 
Hornblende norites 
li + Ol li + Ol + Pl ± Cr-Spl  
li + Cpx + Pl ± Cr-Spl 
li + Opx + Pl ± Cr-Spl 
 
li + Ol + Pl ± Cr-Spl 
 




Figure 7 A-B. Photomicrographs of Group IIHN xenoliths. A. Sample Hx14z. Large 
poikilitic Hbl surrounding anhedral, resobed Pl and Ol, suggesting a reaction 
relationship between the interstitial liquid, Pl and Ol to produce Hbl. Note the bent 
twins of the Pl crystal in the upper left corner of the picture (black arrow). B. Sample 
Hx14v. Poikilitic Phl surrounding anhedral Ol and subhedral Pl. 
 
 
4. MINERAL AND GLASS COMPOSITIONS 
Electron microprobe analyses (CAMECA SX-50, University of Lausanne) of olivine, 
clinopyroxene, orthopyroxene, hornblende, phlogopite, plagioclase, apatite, spinel, 
ilmenite, and glass were performed primarily as point analyses, but in some cases as core 
to rim traverses (not shown). Mineral names and structural formulae were determined 
following Morimoto et al. (1988) for pyroxenes, Leake et al. (1999) for amphiboles, 
Rieder et al. (1998), Deer et al. (1962) and Dymek (1962) for micas, Deer et al. (1992) for 
olivine, plagioclase, apatite, and Stormer (1983) for spinel and ilmenite. The operating 
conditions of the electron microprobe analyses are given in Appendix I. 
 
4.1. Group I xenoliths. Partially crystallized olivine norites 
Cumulus Cr-spinel, olivine and clinopyroxene 
Cr-spinel has Cr2O3 contents varying from 10 to 18 wt %, Al2O3 from 5 to 17 wt %, and 
TiO2 from 0.2 to 8 wt % (Table 3). These compositions partly overlap with the field of 
spinel from volcanic rocks and ultramafic complexes, but commonly have higher 
(calculated) Fe2+ (Fig. 8). Olivine core to rim compositional traverses show constant to 
decreasing forsterite and NiO contents, with Fo86 and 0.46 wt % NiO in cores, and Fo76 
and <0.05 wt % NiO in rims (Table 4). These high Fo and Ni contents indicate that the 





Clinopyroxene is diopsidic, with a mg-number (mg-number= 100*Mg/(Mg+Fet) in 
mols; Fet= total iron) of 84 to 81, and Cr2O3 contents between 0.8 to 0.3 wt %. Their 
compositions expressed as quadrilateral end members, are Wo46-45, En46-44, Fs9-11 (Table 5). 
These compositions overlap with clinopyroxenes from water-bearing experiments of 
basalts and basaltic andesites (Fig. 9) which suggests that clinopyroxenes crystallized from 
a water-bearing basalt or basaltic andesitic magma (e.g., Gaetani et al., 1993). 
 
Plagioclase 
Plagioclase is compositionally zoned from 86 anorthite mol% (An86) in the cores to 
An20 in the rims (Table 6). There are two main textural types of plagioclase. Those that are 
not included in other minerals are characterized by bimodal compositions, with normally 
zoned cores of An86-78 and rims of An45-26. Cores and rims are separated by a compositional 
gap of ~ 35 mol% An; plagioclase with intermediate compositions (i.e., An60) is almost 
lacking (Fig. 10). Plagioclase included in hornblende, orthopyroxene, and phlogopite lacks 
Table 3.  Representative compositions of spinel and ilmenite
Group I Group IICL Group IIHN
wt% n-1-15 n-1-27 a-II-2-1 e-III-3 a-II-1 z-I-4 z-II-8
SiO2    0.04 0.04 0.01 0.02 0.03 0.03 0.06
TiO2    2.29 2.36 9.41 2.26 43.04 6.15 8.59
Al2O3   5.39 16.79 2.41 16.00 0.27 3.69 3.48
FeO* 66.1 53.6 79.6 55.4 51.5 68.5 74.6
MgO     3.4 7.23 1.87 4.22 2.82 6.52 2.90
MnO     0.28 0.36 0.42 0.46 0.45 0.31 0.29
V2O3    0.15 0.20 0.63 n.a. 0.20 n.a. n.a.
Cr2O3   18.87 15.47 0.46 18.41 0.06 9.02 5.23
NiO n.a. n.a. n.a. 0.23 n.a. n.a. n.a.
Sum 96.51 96.05 94.84 97.01 98.34 94.26 95.20
Fe2O3c 41.1 32.1 47.6 29.3 20.25 46.3 44.1
FeOc 29.1 24.8 36.8 29.1 33.3 26.9 34.9
Tot 100.62 99.26 99.71 99.94 100.37 98.89 99.62
Si 0.011 0.011 0.004 0.004 0.008 0.008 0.018
Ti 0.494 0.474 2.108 0.462 9.645 1.331 1.898
Al 1.821 5.283 0.845 5.123 0.094 1.250 1.205
Fe3+c 8.857 6.440 10.670 5.988 4.539 10.019 9.751
Fe2+c 6.984 5.525 9.154 6.601 8.285 6.467 8.575
Mg 1.453 2.878 0.828 1.710 1.253 2.796 1.268
Mn 0.068 0.081 0.106 0.106 0.115 0.076 0.073
V 0.034 0.043 0.151 0.000 0.047 - -
Cr 4.277 3.265 0.108 3.956 0.015 2.052 1.213
Ni - - - 0.049 - - -
Xulv 0.13 0.18 0.28 0.23 - 0.20 0.29
Xilm - - - - 0.80 - -
Xhem - - - - 0.20 - -
*= total iron as Fe 2+; "n.a"= not analysed; "-"= not applicable; "c " denotes calculated; 
v-mineral in microfractures; Tot is total after calculation of Fe2+ and Fe3+ from structural formula. 
Structural formula determined using 32 oxygens and 24 cations for spinel and 36 oxygens and
24 cations for ilmenite. Xulv, Xilm, and Xhem calculated as in Stormer (1983).
The first letter and/or number of the analysis label indicates the sample.
the compositional gap and shows normal zoning profiles from An86 to An40, but with most 
compositions between An85 and An70 (Fig. 10). As the compositions of plagioclases 
included in hornblende, orthopyroxene, and phlogopite are the almost the same we infer 
that the three host minerals crystallized almost simultaneously. Assuming that the most 
anorthitic plagioclase core compositions (An86) crystallized from basaltic magmas similar 
to those erupted in the TSPC, the plagioclase crystallized from basaltic magmas with ~ 3 
wt % H2O, (distribution coefficient of Sisson & Grove, 1993). For a detailed description of 




Figure 8. Composition of Cr-spinel and magnetites of the three groups of xenoliths. S & G 
(1993) are the spinel compositions (excepting two Cr-Al-Mg spinels of 79-35g and two 
magnetites not buffered at NNO) of the 2 kbar water-saturated crystallization 
experiments of Sisson & Grove (1993). Spinel compositions from volcanic rocks and 
those of Alaskan type ultramafic complexes taken from Beard & Borgia (1989), and 





Post-cumulus orthopyroxene, hornblende and phlogopite 
Orthopyroxene is characterized by high mg-numbers (82-77) and high Cr2O3 contents 
(up to 0.4 wt %). Core to rim traverses show nearly constant mg-numbers whereas Cr2O3 
concentrations vary irregularly. 
Hornblende is magnesiohastingsite, with mg-numbers of 80-72 and Cr2O3 contents are 
commonly <0.30 wt %, but occasionally up to 1 wt % (Table 7). Core to rim compositional 
traverses show that TiO2 concentrations decrease (~ 4 wt % to ~1 wt %) whereas Al2O3, 
MgO, and Na2O increase slightly towards the rim. Some crystals are sector zoned and 
important compositional differences in Ti, Al, Mg and Ca occur across sectors. The Na/Ca 
values range from 0.3 to 0.7 (atoms per formula unit = apfu). These values are higher (for a 
given Al) compared to most hornblendes from other subduction-related gabbroic xenoliths 
and than those of most hornblendes crystallized from low pressure (< 3 kbar) experiments 
done on basaltic to andesitic compositions (see Fig.11).  
Phlogopite has mg-numbers ranging form 82 to 77 and Cr2O3 contents are commonly 
<0.1, but up to 0.5 wt % (Table 8). Core to rim compositional traverses show that TiO2 
concentrations slightly decrease, whereas MgO contents increase slightly towards the rim. 
The BaO and Cr2O3 concentrations are highly irregular. The Na2O contents are high (2 to 
3.4 wt %), and Na/K values (apfu) range from 0.2 to 0.9. Such values are much higher than 
those of phlogopites from basaltic water-bearing low pressure experiments or the biotite 
phenocrysts in the host dacite lava (Fig. 12).  
Table 4. Representative compositions of olivine
Group I Group IICL Group IIHN
wt% n-VI-3c/r n-V-1c a-II-63 e-IV-1r y-VI-1 z-II-3c/r v-II-3r
SiO2 39.8 39.0 38.6 37.6 37.3 38.4 38.3
TiO2 0.02 0.00 0.00 0.02 0.03 n.a. n.a.
Al2O3 0.03 0.02 0.00 0.03 0.01 0.00 0.02
MgO 45.1 44.1 39.5 41.0 42.6 41.4 41.1
CaO 0.14 0.11 0.03 0.07 0.01 0.00 0.03
MnO 0.24 0.29 0.47 0.34 0.44 0.41 0.27
FeO* 13.87 16.02 20.49 21.46 19.50 19.99 20.17
NiO 0.34 0.28 0.19 0.20 0.15 0.14 0.15
Sum 99.56 99.78 99.27 100.67 100.09 100.37 100.07
Si 1.000 0.989 1.003 0.970 0.962 0.986 0.987
Ti 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Al 0.000 0.000 0.000 0.001 0.000 - -
Mg 1.689 1.667 1.532 1.579 1.640 1.586 1.581
Ca 0.004 0.003 0.001 0.002 0.000 0.000 0.001
Mn 0.002 0.003 0.010 0.003 0.004 0.004 0.002
Fe* 0.291 0.340 0.446 0.463 0.421 0.429 0.435
Ni 0.007 0.006 0.004 0.004 0.003 0.003 0.003
Tot 2.994 3.007 2.996 3.022 3.031 3.009 3.009
Fo mol% 85.3 83.1 77.1 77.3 79.6 78.7 78.4
Fa mol% 14.7 16.9 22.9 22.7 20.4 21.3 21.6
*= total iron as Fe 2+; "n.a"= not analysed; "-"= not applicable;  
"c"=core composition, "c/r"=composition between core and rim, "r"= rim composition
Structural formula determined by using 4 oxygens. Fo- Fa calculated as in Deer et al. (1992).
The first letter and/ or number of the analysis label indicates the sample.
Table 5. Representative compositions of pyroxenes                       




























SiO2 50.38 49.79 53.65 53.4 53.39 52.25 52.54 54.56 53.02 53.02 52.19 53.44  53.59 52.94 54.21 
TiO2 0.82 0.79 0.14 0.19 0.13 0.45 0.31 0.08 0.20 0.03 0.05 0.40  0.07 0.31 0.12 
Al2O3 3.95 4.48 1.37 2.35 0.70 1.79 0.86 1.12 1.37 0.68 1.79 1.63  0.55 1.27 1.29 
Cr2O3 0.61 0.79 0.37 0.10 0.03 0.05 0.03 0.00 0.00 0.03 0.08 0.06  0.09 0.10 0.03 
FeO* 6.03 5.95 13.37 14.00 7.09 6.43 20.10 15.60 13.85 17.18 16.84 16.84  4.48 5.10 13.63 
MnO 0.13 0.17 0.36 0.31 0.28 0.29 0.48 0.47 0.37 0.66 0.76 0.45  0.19 0.13 0.32 
MgO 15.27 15.38 28.53 28.4 14.56 14.37 23.55 27.32 29.46 26.87 26.81 25.76  16.49 16.35 28.96 
CaO 22.11 21.63 1.09 0.56 23.56 23.30 1.36 0.80 1.20 0.84 0.60 1.15  24.24 23.76 1.14 
Na2O 0.33 0.30 0.05 0 0.19 0.22 0.03 0.02 0.04 0.03 0.00 0.02  0.14 0.21 0.01 
Sum 99.62 99.28 98.93 99.41 99.92 99.14 99.28 99.97 99.52 99.35 99.12 99.76  99.84 100.18 99.71 
                      
Tetrahedral site                 
Si 1.860 1.842 1.934 1.919 1.981 1.950 1.952 1.966 1.894 1.931 1.902 1.946  1.965 1.936 1.937 
Al 0.140 0.158 0.058 0.081 0.019 0.050 0.038 0.034 0.058 0.029 0.077 0.054  0.024 0.055 0.054 
Fe+3c - - 0.007 - - - 0.011 - 0.048 0.040 0.021 -  0.011 0.009 0.008 
                  
Octahedral site                
Al 0.031 0.038 - 0.019 0.012 0.029 - 0.014 - - - 0.016  - - - 
Fe3+c 0.069 0.074 0.051 0.049 0.013 0.010 0.032 0.017 0.097 0.068 0.093 0.016  0.039 0.059 0.055 
Ti 0.023 0.022 0.004 0.005 0.004 0.013 0.009 0.002 0.005 0.001 0.001 0.011  0.002 0.009 0.003 
Cr 0.018 0.023 0.011 0.003 0.001 0.002 0.001 0.000 0.000 0.001 0.002 0.002  0.003 0.003 0.001 
Fe+2c 0.117 0.110 0.345 0.372 0.207 0.191 0.582 0.453 0.269 0.415 0.400 0.496  0.087 0.088 0.344 
Mn 0.004 0.005 0.011 0.009 0.009 0.009 0.015 0.014 0.011 0.020 0.023 0.014  0.006 0.004 0.010 
Mg 0.840 0.849 1.534 1.522 0.805 0.799 1.305 1.468 1.569 1.459 1.457 1.399  0.902 0.892 1.543 
Ca 0.874 0.857 0.042 0.022 0.936 0.932 0.054 0.031 0.046 0.033 0.023 0.045  0.952 0.931 0.044 
Na 0.023 0.022 0.003 0.000 0.013 0.016 0.002 0.001 0.002 0.002 0.000 0.002  0.010 0.015 0.000 
                 
Wo mol% 45.9 45.2 2.1 1.1 47.5 48.0 2.7 1.6 2.3 1.6 1.2 2.3  47.7 47.0 2.2 
En mol% 44.1 44.8 77.1 77.1 40.9 41.2 65.3 74.0 76.9 71.7 72.2 71.0  45.1 45.0 77.0 
Fs mol% 10.0 10.0 20.8 21.8 11.6 10.8 32.0 24.4 20.8 26.7 26.6 26.7  7.2 8.1 20.8 
                  
mg-number 81.9 82.2 79.2 78.3 78.5 79.9 67.6 75.7 79.1 73.6 73.9 73.2  86.8 85.1 79.1 
                 
*= total iron as Fe 2+; "-"= not applicable; "c" denotes calculated; "c"=core composition, "r"= rim composition, "v"= mineral in microfractures. Structural formula (6 oxygens and 4 cations) and Wo, En, Fs calculated as
Morimoto et al. (1988); mg-number=(100*Mg/(Mg+Fet)), in mols and Fet is total iron. The first letter and/or number of the analsis label indicates the sample. 
Noteworthy compositional features of orthopyroxene, hornblende, and phlogopite in 
these gabbroic xenoliths are their high mg-numbers and Cr2O3 contents (Figure 13). The 
Cr2O3 contents of these three minerals overlap with those of the clinopyroxenes, and are 
even higher in the case of hornblende. This is in accord with the interpretation that 
orthopyroxene, hornblende, and phlogopite are the products of reactions that involved an 
evolved water-rich liquid and early crystallized Mg and Cr-rich minerals (olivine, Cr-




Figure 9 A-C. Pyroxene compositions of the three xenolith groups. For comparison are 
also shown those of the dacite lava and those of low pressure (<3 kbar) water saturated 
crystallization experiments of basalts and basaltic andesites (data of: Sisson & Grove, 
1993; Gaetani et al., 1994; Grove et al., 1997; Moore & Carmichael, 1998). A. Cpx 
compositions of Group I xenoliths suggest that they crystallized at low pressure from 
water-bearing basaltic to basaltic andesitic magmas. B-C. Pyroxene composition of 




Apatites have F contents ranging from 0.3 to 0.8 wt % and Cl contents from 0.6 to 1.8 
wt % (Table 9). Apatites from sample Hx14b have much lower mol Cl/F (0.4-0.6) than 
those of sample Hx14n (2.2 to 3.5). Calculated OH contents (OHc) are generally higher 
than those of apatites from tholeiitic layered intrusions (Fig. 14) probably reflecting the 
higher H2O contents of calc-alkaline versus tholeiitic magmas. 
Glass 
Glass from sample Hx14n ranges from dacitic to rhyolitic, with SiO2 contents varying 
from 66.7 to 71.6 wt %, Na2O from 2.6 to 6.6 wt %, and K2O from 3.7 to 8.6 wt %. Glass 
from sample Hx14b is rhyolitic, with SiO2 up to 75 wt % and lower Na2O (3.2 to 5.3 wt %) 
and K2O (3.6 to 5.5 wt %) than the glass of sample Hx14n (Table 10). The totals of the 
electron microprobe analyses are generally are between 97.6 and 100.7 wt % suggesting 









Table 6. Representative compositions of plagioclase
Group I Group IICL Group IIHN
wt% b-XIII-1c n-III-5r/c b-XII-tr4r e-II-1r w-V-2c a-V-tr2 v-tr1-51c v-3-1
SiO2 46.14 53.41 61.65 44.25 49.25 59.54 45.26 54.32
Al2O3 33.54 29.00 22.97 34.47 31.89 25.13 34.91 28.17
Fe2O3* 0.68 0.50 0.37 0.44 0.39 0.46 0.19 0.42
MgO 0.05 0.03 0.07 0.00 0.02 0.03 0.00 0.07
CaO 17.05 12.51 4.92 17.77 14.49 7.35 18.18 10.50
BaO 0.01 0.00 0.15 0.00 0.00 n.a. 0.00 0.00
Na2O 1.60 4.54 8.42 1.24 3.39 7.04 1.29 5.43
K2O 0.04 0.10 0.50 0.03 0.13 0.56 0.01 0.22
Tot 99.12 100.08 99.06 98.20 99.55 100.12 99.86 99.14
Si 2.146 2.423 2.769 2.082 2.263 2.661 2.091 2.476
Al 1.839 1.550 1.216 1.911 1.727 1.324 1.901 1.513
Fe* 0.024 0.017 0.012 0.015 0.013 0.016 0.007 0.014
Mg 0.003 0.002 0.005 0.000 0.001 0.002 0.000 0.005
Ca 0.85 0.608 0.237 0.896 0.713 0.352 0.900 0.513
Ba 0.000 0.000 0.003 0.000 0.000 - 0.000 0.000
Na 0.144 0.399 0.733 0.113 0.302 0.61 0.116 0.479
K 0.003 0.006 0.029 0.002 0.007 0.032 0.001 0.013
Tot 5.009 5.005 5.004 5.019 5.028 4.997 5.016 5.014
Ab mol% 14.4 39.4 73.4 11.2 29.5 61.3 11.4 47.7
Or mol% 0.3 0.6 2.9 0.1 0.7 3.2 0.1 1.3
An mol% 85.3 60.0 23.7 88.6 69.8 35.4 88.5 51.0
*= total iron as Fe 3+; "n.a"= not analysed; "-"= not applicable;  "c"= core composition
"c/r"=composition between core and rim, "r"= rim composition. Structural formula determined
using 8 oxygens. Ab, Or and An calculated as in Deer et al. (1992). The first letter and/or number
of the analysis label indicates the sample.
 
 
Figure 10 A-D. Histograms of plagioclase compositions of the three xenolith groups. A. 
Group I. Pl not included in other minerals show a bimodal composition, with cores at 
An85-75 and rims at An45-30. Pl of intermediate composition (e.g., An60) are almost 
lacking. B. Group I. Pl included in Opx, Hbl and Phl have similar compositions (An85-
35), suggesting that the three minerals co-crystallized. C. Most samples of Group IICL 
have Pl of An60-40 composition. Pl of samples Hx14y and Hx14e have higher An 




Table 7. Representative compositions of hornblende
Group I Group IICL Group IIHN
wt% n-1-17 n-III-1-6 n-III-2-5 14a-VII-1p e-III-1-5p w-VIII-1p y-I-1p y-V-4v w-IX-3v v-II-7 z-I-3
SiO2 43.61 49.21 43.31 42.67 45.10 42.50 42.47 43.26 42.66 42.40 42.02
TiO2 2.22 0.97 3.54 3.5 1.03 3.34 1.99 0.17 2.91 3.47 3.2
Al2O3 11.32 6.56 11.13 10.41 10.60 10.88 11.82 10.93 9.83 12.63 12.13
Cr2O3 0.64 0.70 0.06 0.01 0.41 0.00 0.36 0.04 0.10 0.27 0.25
FeO* 9.31 8.22 8.99 13.51 10.11 12.75 11.71 10.95 11.94 9.35 9.17
MnO 0.15 0.11 0.08 0.22 0.05 0.17 0.24 0.31 0.16 0.10 0.17
MgO 15.96 18.52 15.96 13.54 16.71 13.85 14.62 16.08 15.07 15.46 15.97
CaO 11.63 11.19 11.63 11.37 11.01 11.66 11.46 11.50 11.22 11.26 11.2
Na2O 2.81 2.07 2.97 1.98 2.53 2.15 2.29 2.10 2.29 3.00 2.92
K2O 0.36 0.20 0.34 0.89 0.27 0.65 0.43 0.44 0.64 0.42 0.43
F 0.09 0.08 0.10 0.10 0.08 0.00 0.00 0.00 0.00 n.a. 0.11
Cl 0.02 0.04 0.02 0.05 0.13 0.09 0.10 0.13 0.20 n.a. 0.08
F=O 0.04 0.03 0.04 0.04 0.04 0.00 0.00 0.00 0.00 - 0.05
Cl=O 0.01 0.01 0.00 0.01 0.03 0.02 0.02 0.03 0.04 - 0.02
Tot 98.08 97.81 98.06 98.20 97.96 98.01 97.46 95.87 96.98 98.36 97.58
Tetrahedral site
Si 6.242 6.895 6.221 6.216 6.366 6.188 6.138 6.269 6.225 6.053 6.034
Al 1.758 1.083 1.779 1.784 1.634 1.812 1.862 1.731 1.690 1.947 1.966
Ti - 0.022 - - - - - - 0.086 - -
C site
Al 0.150 - 0.105 0.002 0.130 0.055 0.149 0.136 - 0.177 0.086
Cr 0.073 0.077 0.006 0.001 0.045 0.000 0.041 0.004 0.011 0.031 0.028
Ti 0.239 0.080 0.382 0.383 0.110 0.366 0.216 0.019 0.234 0.373 0.346
Fe3+c 0.646 0.892 0.434 0.741 1.168 0.661 0.971 1.312 0.938 0.643 0.823
Mg 3.406 3.867 3.417 2.940 3.516 3.006 3.149 3.475 3.278 3.291 3.419
Fe2+c 0.468 0.070 0.646 0.905 0.026 0.892 0.444 0.016 0.519 0.474 0.278
Mn 0.018 0.013 0.010 0.027 0.006 0.020 0.029 0.039 0.020 0.012 0.021
B site
Ca 1.783 1.679 1.790 1.774 1.666 1.820 1.774 1.785 1.753 1.722 1.723
Na 0.217 0.321 0.210 0.226 0.334 0.180 0.226 0.215 0.247 0.278 0.277
A site
Na 0.564 0.240 0.617 0.334 0.358 0.425 0.415 0.375 0.402 0.552 0.536
K 0.066 0.036 0.062 0.165 0.049 0.120 0.079 0.081 0.118 0.077 0.079
Tot 0.629 0.276 0.679 0.499 0.406 0.545 0.494 0.456 0.520 0.629 0.615
Anions
AnOHc 1.952 1.956 1.951 1.942 1.931 1.977 1.975 1.969 1.951 2.000 1.931
AnF 0.042 0.035 0.044 0.046 0.038 0.000 0.000 0.000 0.000 0.000 0.050
AnCl 0.006 0.009 0.005 0.012 0.031 0.023 0.025 0.031 0.049 0.000 0.019
mg- number 75.4 80.1 76.0 64.1 74.7 65.9 69.0 72.4 69.2 74.7 75.6
Na/Ca 0.44 0.33 0.46 0.32 0.42 0.33 0.36 0.33 0.37 0.48 0.47
*= total iron as Fe 2+; n.a.= not analysed; "-"= not applicable; "c " denotes calculated; "p"= poikilitic mineral, "v"= mineral in microfractures.
Structural formula (23 oxygens and OH+F+Cl=2,  and cations =13-Na-Ca-K) calculated as in Leake et al. (1997);
mg -number=100*Mg/(Mg+Fet), in mols and Fet = total iron. The first letter and/or number of the analysis label indicates the sample.
4.2. Group II. Xenoliths with subsolidus textures 
Cr-spinel and olivine 
Cr-spinels from Group IICL xenoliths have ~18 wt % Cr2O3, ~16 wt % Al2O3, and ~4 
wt % MgO (Table 3). The (calculated) Fe2+ is higher than that of spinels from volcanic 
rocks (Fig. 8). Spinels from Group IIHN xenoliths have compositions that partly overlap 
with the compositional field defined by spinels produced in crystallization experiments of 
Sisson & Grove (1993) and with the field defined by volcanic spinels (Fig. 8 and Table 3).  
Olivine of Group II xenoliths has lower Fo and NiO contents than those in Group I. 
Olivine of Group IICL is Fo81-72 with NiO contents <0.25 wt %, and that of Group IIHN is 
Fo79-78 with NiO concentrations <0.20 wt % (Table 4).  
 
Pyroxenes 
As pyroxenes are commonly exsolved, their compositions reflect the effect of 
subsolidus processes, precluding a straightforward estimate of their magmatic 
crystallization conditions. In Group IICL xenoliths, clinopyroxenes are diopsidic to augitic, 
with mg-numbers of 81 to 73 and Cr2O3 contents <0.1 wt % (Table 5). Their composition 
range from those of low pressure (< 3kbar) water-bearing crystallization experiments of 
basaltic to basaltic andesitic composition to more evolved than the clinopyroxene of the 
dacite host (Fig. 9). Orthopyroxene has mg-numbers of 80-65, and Cr2O3 contents <0.1 wt 
% (Table 5). Their compositions partly overlap with orthopyroxenes in Group I xenoliths 
but they extend to more evolved than the orthopyroxene of the host dacite (Fig. 9). In 
Group IIHN xenoliths, clinopyroxene is diopsidic to augitic with compositions that overlap 
with those of low pressure (< 3 kbar) crystallization experiments of basaltic to basaltic 
andesitic composition (Fig. 9). It has high mg-numbers (89 to 81) and relatively high Cr2O3 
contents (up to 0.3 wt %). Orthopyroxene has mg-numbers of 81-77 and Cr2O3 contents 
<0.1 wt % (Table 5).  
 
 
Figure 11 A-C. Hornblende composition (atoms per formula unit) from the three groups of 
xenoliths. For comparison those of the dacite lava, those of low pressure (< 3 kbar) water-
bearing crystallization experiments of basaltic to andesitic composition and those of 
gabbroic xenoliths from subduction-related volcanoes are also shown. A. Group I 
xenoliths. B. Group IICL xenoliths. C. Group IIHN xenoliths. Data sources: experiments 
(Rutherford & Devine, 1988; Sisson & Grove, 1993; Grove et al., 1997; Moore & 
Carmichael, 1998; BC in prep. is Barclay & Carmichael). Xenoliths: Aleutians (Conrad & 
Kay, 1983 and Debari et al., 1987), Lesser Antilles (Arculus & Wills, 1980), Medicine 
Lake (Grove & Donnelly-Nolan, 1986), Arenal (Beard & Borgia, 1989), Japan (Aoki, 




In Group IICL xenoliths, plagioclase ranges from An88 to An45 (Table 6). The histogram 
of plagioclase compositions shows two modes, one at An85-80 and another at An60-55 (Fig. 
10). The two modes reflect the fact that some samples have mainly anorthitic plagioclase 
(e.g., Hx14e, Hx14y), whereas in others plagioclase is more albitic (e.g., Hx14a). In 
general, plagioclases are normally zoned. 
Plagioclase of Group IIHN xenoliths ranges from An88 to An50, but most plagioclases 
are between An88 and An80 (Fig. 10). Core to rim compositional profiles show constant or 
decreasing anorthite towards the rim. 
 
Hornblende and phlogopite 
Hornblende of Group IICL xenoliths is commonly magnesiohastingite, but some 
tschermakitic hornblendes and magnesiohornblendes are also present in sample Hx14y 
(Table 7). They have mg-numbers ranging from 77 to 64, and Cr2O3 contents <0.05 to 0.55 
wt %. The Na/Ca values (0.2-0.5) of most hornblendes overlap with those of subduction-
related gabbroic xenoliths and with those of low pressure (< 3 kbar) experiments done on 
basaltic to andesitic compositions (Fig. 11). Hornblende of Group IIHN xenoliths is 
magnesiohastingite (Table 7), with mg-numbers ranging from 80 to 72, and Cr2O3 contents 
are commonly <0.1 wt % (occasionally up to 0.5 wt %). The Na/Ca values vary between 
0.3 and 0.5. These values are higher than those of Group IICL xenoliths and higher than 
most hornblendes from other xenoliths and experiments, but lower than hornblendes of 
Group I xenoliths (Fig. 11). 
Phlogopite of Group IILC xenoliths has mg-numbers of 81-70 and Cr2O3 contents 
between <0.15 and 0.3 wt % (Table 8). These phlogopites also have high Na2O contents 
(1-2 wt %), although lower than in phlogopites of Group I xenoliths. Their Na/K values 
(0.18-0.39) partly overlap with those of low pressure water-bearing crystallization 
experiments (Fig. 12). The compositions of late phlogopites are within the compositional 
ranges of poikilitic phlogopite. 
Phlogopite of Group IIHN xenoliths has mg-numbers of 84-77, and Cr2O3 contents up 
to 0.2 wt %, but typically is between 0.1-0.05 wt % (Table 8). The phlogopites are also rich 
in Na2O, with most crystals having between 1.5 at 2.5 wt %, but one crystal with up to 5 wt 
%. Their Na/K values are very high, ranging from 0.2 to 2.2. These values are higher than 
those of phlogopite from the other groups of xenoliths or those of phlogopite from low 
pressure experiments (Fig. 12). For a more detailed discussion of these Na-rich phlogopites 
see Chapter IV. 
The Cr2O3 contents of hornblende and phlogopite from Group II xenoliths range from 
concentrations that overlap with those of clinopyroxene to higher concentrations (Fig. 13). 
Because hornblende and phlogopite crystallized late and they occur as mantles around 
resorbed pyroxenes and olivine (with Cr-spinel inclusions), we interpret these high Cr2O3 





Magnetite and Ilmenite 
Poikilitic magnetite and ilmenite are commonly exsolved. Magnetite varies from Ulv0.04 
to Ulv0.44 and ilmenite from Ilm0.74 to Ilm0.96. 
 
Apatite 
Apatites of Group IICL xenoliths have Cl contents ranging from 1.3 to 2.9 wt % and F 
concentrations from 0.2 to 0.9 wt % (sample Hx12a up to 1.7 wt %). The Cl/F values 
(apfu) range from 0.5 to 2.7 (Table 9). Apatites of Group IIHN xenoliths have 
concentrations of F (0.2 to 0.7 wt %) and Cl (1.8 to 2.8 wt %) within the range of the 
apatites in the other groups of xenoliths. Most apatites have Cl/F values of ~2, except one 
analysis (8). The halogen contents of the apatites in Group II xenoliths vary from similar to 
those of layered intrusions to higher OHc abundances (Fig. 14). 
Table 8. Representative compositions of phlogopites
Group I Group IICL Group IIHN
wt% b-tr1-1 k-tr2-6 n-5-1 a-VI-6-1p e-I-3p y-V-1p w-V-5p a-VI-2-1v w-IV-6v y-VII-1(lt) w-V-2(lt) v-III-8 z-II-3
SiO2    37.16 38.92 37.8 39.4 36.87 36.90 36.42 38.77 37.08 37.21 36.89 38.62 38.71
TiO2    2.56 1.05 1.49 4.05 0.73 1.30 4.78 3.7 5.11 0.58 0.68 1.94 2.35
Al2O3   16.13 16.46 16.3 13.27 16.18 16.11 14.63 13.9 13.83 15.88 16.18 17.32 16.3
Cr2O3   0.08 0.33 n.a. 0.05 0.12 0.29 0.08 0.04 0.06 0.04 0.00 0.08 0.19
FeO*    10.11 9.04 9.51 12.09 9.23 10.63 11.21 12.69 10.76 11.46 10.13 8.35 9.02
MnO     0.02 0.08 0.06 0.09 0.09 0.08 0.18 0.17 0.09 0.04 0.01 0.06 0.08
MgO     19.68 21.55 20.3 18.09 21.17 19.65 17.63 17.82 17.86 19.88 20.87 20.89 20.56
CaO     0.03 0.02 0.04 0.01 0.04 0.02 0.00 0.01 0.11 0.00 0.04 0.03 0.00
Na2O    2.21 3.36 2.58 1.24 1.92 1.13 1.36 1.23 1.21 1.05 1.30 4.08 1.94
K2O     7.53 5.7 7.03 8.51 8.25 8.98 8.63 8.54 8.26 9.38 8.96 5.06 7.83
BaO     0.47 0.25 0.30 0.16 0.07 0.28 0.47 0.18 0.21 0.01 0.09 0.37 0.14
F       0.18 0.06 0.13 0.16 0.00 0.00 0.00 0.10 0.38 0.00 0.12 0.13 0.14
Cl      0.02 0.05 0.07 0.12 0.08 0.14 0.20 0.09 0.17 0.14 0.25 0.06 0.11
F=O 0.08 0.03 0.05 0.07 0.00 0.00 0.00 0.04 0.16 0.00 0.05 0.05 0.06
Cl=O 0.00 0.01 0.02 0.03 0.02 0.03 0.04 0.02 0.04 0.03 0.06 0.01 0.02
Tot 96.10 96.83 95.58 97.14 94.72 95.50 95.54 97.18 94.93 95.64 95.41 96.92 97.29
Tetrahedral site
Si 2.657 2.727 2.714 2.80 2.675 2.682 2.636 2.77 2.68 2.711 2.674 2.698 2.713
Al 1.343 1.273 1.286 1.11 1.325 1.318 1.248 1.17 1.18 1.289 1.326 1.302 1.287
Fe3+c - - - 0.08 - - 0.117 0.06 0.14 - - - -
Octahedral site
Al 0.016 0.086 0.094 - 0.058 0.061 - - - 0.074 0.056 0.124 0.060
Cr 0.005 0.018 - 0.00 0.007 0.016 0.005 0.00 0.00 0.002 0.000 0.004 0.011
Ti 0.138 0.055 0.080 0.22 0.040 0.071 0.260 0.20 0.28 0.032 0.037 0.102 0.124
Fe3+c 0.298 0.187 0.168 0.24 0.216 0.229 0.345 0.27 0.36 0.192 0.248 0.145 0.245
Mg 2.098 2.251 2.171 1.92 2.290 2.129 1.903 1.90 1.93 2.159 2.256 2.176 2.148
Fe2+c 0.307 0.343 0.403 0.40 0.344 0.417 0.217 0.42 0.15 0.506 0.367 0.343 0.284
Mn 0.001 0.005 0.004 0.01 0.005 0.005 0.011 0.01 0.01 0.003 0.000 0.004 0.005
Ca 0.002 0.002 0.003 0.00 0.003 0.002 0.000 0.00 0.01 0.000 0.003 0.002 0.000
A site
Na 0.306 0.456 0.359 0.17 0.270 0.160 0.191 0.17 0.17 0.148 0.182 0.553 0.264
K 0.687 0.509 0.643 0.77 0.764 0.833 0.797 0.78 0.76 0.872 0.829 0.451 0.700
Ba 0.013 0.007 0.008 0.00 0.002 0.008 0.013 0.01 0.01 0.000 0.003 0.010 0.004
Tot 0.995 0.967 1.005 0.94 1.036 0.994 0.988 0.95 0.94 1.020 1.014 1.006 0.964
Anion
 OHc 1.957 1.981 1.962 1.949 1.991 1.983 1.976 1.967 1.892 1.983 1.941 1.964 1.956
F 0.041 0.013 0.029 0.036 0.000 0.000 0.000 0.023 0.087 0.000 0.028 0.029 0.031
Cl 0.002 0.006 0.009 0.014 0.009 0.017 0.024 0.011 0.021 0.017 0.031 0.007 0.013
Mg/Fet 3.5 4.3 3.8 2.7 4.1 3.3 2.8 2.5 3.0 3.1 3.7 4.5 4.1
mg -number 77.6 81.0 79.2 72.7 80.3 76.7 73.7 71.5 74.7 75.6 78.6 81.7 80.3
Na/K 0.45 0.90 0.56 0.22 0.35 0.19 0.24 0.22 0.22 0.17 0.22 1.23 0.38
*= total iron as Fe 2+; n.a.= not analysed; "-"= not applicable; "c " denotes calculated; "p"= poikilitic mineral, "v"= mineral in microfractures, (lt)= late Phl
Structural formula (11 oxygens and OH+F+Cl=2,  and 7 cations-Ti) calculated as in Dymek (1986); mg -number=100*Mg/(Mg+Fet), in mols and 




Figure 12 A-C. Phlogopite composition (atoms per formula unit) from the three groups of 
xenoliths. For comparison are also shown those of the dacite lava, and those of low 
pressure (< 3 kbar) water-bearing crystallization experiments of basaltic to andesitic 
composition. A. Group I xenoliths. B. Group IICL xenoliths. C. Group IIHN xenoliths. 
Data sources: SG, 1993 is Sisson & Grove, 1993; RC, 1996 is Richter & Carmichael, 




The interstitial glass in two samples (Hx12a and Hx14w) of Group IICL xenoliths is 
rhyolitic, with SiO2 contents ranging from 71 to 74 wt %, Al2O3 from 11.8 to 14 wt %, 
Na2O from 2 to 3.4 wt %, and K2O from 5.7 to 6.7 wt % (Table 10).  
 
Minerals filling microfractures 
The compositions of the minerals that are present in microfractures of Group IICL 
xenoliths typically overlap with those that are poikilitic or in the matrix. Orthopyroxene 
has mg-numbers of 78-73, Cr2O3 contents are <0.1 wt %, overlapping in composition with 
those found in the matrix (Fig. 9). Hornblende has mg-numbers of 77-66, Cr2O3 contents 
<0.1 wt %. In general, it has a low Na/Ca (0.2-0.4) when compared to poikilitic 
hornblendes of Groups I and IIHN xenoliths (Fig. 11). 
Phlogopite has slightly lower mg-numbers (76-70), lower contents of Cr2O3 (<0.15 wt 
%), Na2O (0.7-1.3 wt %) and lower Na/K values (0.1-0.2) than those of poikilitic 
phlogopite (Fig.12). The Fe-Ti oxides have highly variable compositions. Ilmenite varies 




Figure 13 A-C. Concentrations of Cr2O3 wt % of mafic minerals from the three groups of 
xenoliths. A. Group I. Note the high Cr2O3 contents of Hbl (up to 1.2 wt %), Phl (up to 0.8 
wt %) and Opx (up to 0.5 wt %) that may be higher than in the Cpx (up to 0.9 wt %). B-C. 
Hbl and Phl from Group II xenoliths also have high Cr2O3 concentrations (up to 0.4 and 
0.6 wt % respectively) but lower than those of Group I xenoliths. See text for discussion. 
  
Table 9. Representative compositions of apatite
Group I Group IICL Group IIHN
wt% b-1c b-2r n-1c n-2r 12a-1c 14a-1c e-1c 4w-1c y-4c z-1c z-4r
SiO2 0.12 0.16 0.14 0.14 0.19 0.14 0.05 0.25 0.05 0.05 0.13
FeO* 0.65 0.67 0.99 0.48 0.66 0.57 0.63 0.75 0.43 0.42 0.71
CaO 53.82 53.81 53.19 52.56 53.83 53.79 53.47 53.51 53.71 53.94 52.61
Ce2O3 0.21 0.24 0.31 0.26 0.41 0.20 0.11 0.27 0.10 0.11 0.07
Na2O 0.21 0.24 0.35 0.35 0.06 0.13 0.16 0.23 0.21 0.20 0.50
P2O5 41.82 41.13 40.49 41.07 41.03 41.61 41.67 41.41 41.94 42.02 41.92
SO3 0.27 0.24 0.52 0.37 0.00 0.00 0.00 0.17 0.06 0.06 0.10
MnO 0.16 0.12 0.07 0.12 0.13 0.08 0.08 0.09 0.09 0.10 0.03
SrO 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.64 0.68 0.28 0.39 1.42 0.79 0.45 0.55 0.19 0.54 0.18
Cl 0.71 0.72 1.82 1.62 1.50 1.55 2.29 2.63 2.17 1.90 2.77
F=O 0.27 0.29 0.12 0.16 0.60 0.33 0.19 0.23 0.08 0.23 0.08
Cl=O 0.16 0.16 0.41 0.37 0.34 0.35 0.52 0.59 0.49 0.43 0.63
Tot 98.23 97.61 97.63 96.82 98.29 98.16 98.19 99.03 98.39 98.67 98.33
Si 0.019 0.027 0.023 0.023 0.032 0.023 0.008 0.042 0.009 0.008 0.022
Fe* 0.092 0.095 0.141 0.068 0.093 0.080 0.089 0.105 0.061 0.058 0.100
Ca 9.686 9.773 9.724 9.623 9.769 9.734 9.696 9.653 9.699 9.704 9.519
Ce 0.013 0.015 0.020 0.016 0.025 0.012 0.007 0.016 0.006 0.006 0.004
Na 0.068 0.080 0.117 0.117 0.018 0.041 0.052 0.075 0.069 0.065 0.164
P 5.947 5.903 5.849 5.941 5.884 5.949 5.971 5.903 5.986 5.974 5.993
S 0.034 0.031 0.066 0.047 0.000 0.000 0.000 0.022 0.007 0.007 0.013
Mn 0.023 0.017 0.009 0.018 0.019 0.012 0.011 0.013 0.013 0.014 0.004
Sr 0.005 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
F 0.169 0.183 0.075 0.105 0.381 0.210 0.120 0.146 0.050 0.144 0.049
Cl 0.102 0.104 0.263 0.235 0.216 0.221 0.329 0.375 0.310 0.270 0.397
 OHc 0.730 0.713 0.662 0.660 0.403 0.569 0.551 0.479 0.640 0.585 0.555
Total 16.886 16.946 16.950 16.852 16.840 16.852 16.833 16.829 16.850 16.838 16.820
Cl/F 0.60 0.57 3.51 2.23 0.57 1.05 2.73 2.57 6.18 1.87 8.17
*= total iron as Fe2+."c " denotes calculated; "c"= core composition; "r"=rim composition. Structural formula
calculated with 25 O, OH, F, Cl. The first letter and/or number of the analysis label indicates the sample.
Table 10.  Representative and mean compositions of glass
Group I Group IICL
Sample Hx14n Sample Hx14b
wt% n-II-2 n-V-3 X (16) 2-s b-XV-4 b-IV-1 X (29) 2-s 12a-1 w-VIII-3 w-IX-5
SiO2 66.9 69.3 69.1 1.3 73.3 72.2 72.4 1.3 71.6 74.5 70.8
TiO2 0.13 0.15 0.20 0.09 0.21 0.20 0.16 0.06 0.23 0.79 0.58
Al2O3 17.62 16.13 16.38 1.36 15.06 15.88 15.58 0.51 13.65 11.79 13.95
FeO* 0.89 1.09 1.41 0.45 0.61 0.59 0.68 0.11 2.01 2.08 1.67
MnO 0.00 0.01 0.03 0.04 0.00 0.06 0.03 0.04 0.00 0.07 0.00
MgO 0.10 0.11 0.18 0.07 0.25 0.26 0.25 0.04 0.40 0.25 0.24
CaO 0.70 0.49 0.66 0.40 0.33 0.34 0.33 0.11 1.03 0.51 1.15
Na2O 6.15 5.35 4.66 1.29 4.60 4.07 4.34 0.51 2.64 2.26 3.39
K2O 7.30 6.95 6.58 1.28 5.41 5.19 5.18 0.35 6.42 6.02 5.82
P2O5 0.15 0.28 0.19 0.07 n.a. 0.38 0.36 0.08 n.a. n.a. n.a.
Tot 99.98 99.90 99.33 1.07 99.77 99.18 99.08 1.39 98.04 98.29 97.63
Na/Ca 9.19 11.31 7.3 4.8 14.60 12.48 13.7 4.8 2.67 4.60 3.07
Na/K 0.48 0.44 0.40 0.14 0.48 0.45 0.48 0.06 0.23 0.21 0.33
*= total iron as Fe 2+; "n.a"= not analysed; X= mean of the number of analyses in parenthesis. 
The first letter and/or number of the analysis label indicates the sample.
 
Figure 14. Apatite halogen composition of the three xenolith groups. The field of layered 
intrusions includes analyses from Skaergaard, Jimberlana, Dufek, Munni Munni, 
Penikat, Great Dyke, Mt. Thirsty, Ora Banda Sill, Windimurra, Stillwater and Bushveld 
(not below major PGE-bearing zones). Apatites of the three groups of xenoliths tend to 
have higher OHc than Ap of layered intrusions, which may reflect the higher water 
contents of calc-alkaline gabbros with respect to tholeiitic intrusions. The Ap with the 
lowest Cl/F is of sample Hx12a. References can be found in Boudreau (1995). Figure 
redrawn from Boudreau (1995). OHc indicates calculated OH from structural formula. 
 
 
5. WHOLE-ROCK CHEMICAL COMPOSITION 
The major, minor and trace element compositions of the xenoliths were determined by 
X-Ray Fluorescence (XRF) at the University of Massachusetts, whereas the rare earth 
elements (REE) were analyzed by Inductively Coupled Plasma-Atomic Emission 
Spectrometry (ICP-AES) at the University of Geneva (Table 11). To assess whether the 
bulk chemistry of the xenoliths has been affected by mineral accumulation or open-system 
percolative processes (e.g., melt migration), we will compare the compositions of the 
xenoliths to the mean composition of ten basalts of the TSPC assumed to be representative 
of liquids. The major, minor and trace element composition of the basalts was also 
determined by XRF at the University of Massachusetts. The REE were determined by 
Instrumental Neutron Activation Analysis (INAA) at the University of Massachusetts. Two 
samples were analyzed for their REE concentrations by ICP-AES and INAA and they 



























Table 11. Whole-rock major and trace element analyses 
Group I. Partially crystallized xenoliths Group II. Xenoliths with subsolidus textures Mean of TSPC basalts
Olivine-norites Group IICL. Clinopyroxene and hornblende leuconorites and norites Group IIHN. Hbl-norites
Hx14b Hx14k Hx14n Hx12a Hx12b Hx14a Hx14c Hx14d Hx14e Hx14h Hx14i Hx14j Hx14l Hx14m Hx14q Hx14s Hx14u Hx14w Hx14y Hx14x Hx14v Hx14z Mean 2-s
X-Ray fluorescense (wt%)
SiO2 46.4 45.8 47.3 52.0 51.7 50.9 52.2 52.3 46.2 46.9 51.1 50.4 49.6 48.9 49.4 49.2 51.7 49.4 46.1 49.1 44.9 45.8 50.69 0.61
TiO2 0.54 0.64 0.58 1.3 0.81 1 0.47 0.91 0.26 0.7 1.06 0.92 1.32 1.2 0.78 0.87 0.94 1.31 0.12 1.41 0.28 0.34 0.92 0.05
Al2O3 11.72 10.63 10.94 18.17 18.02 17.75 18.92 18.96 23.41 21.59 18.86 17.27 18.29 19.04 18.16 18.19 17.66 18.31 21.76 18.98 17.43 19.5 17.75 0.88
Fe2O3
* 13.25 13.1 11.73 9.72 8.93 9.78 7.72 8.85 6.54 8.91 8.95 9.95 10.68 10.9 9.8 9.6 9.6 10.74 6.87 10.04 9.78 9.5 9.30 0.34
MnO 0.2 0.19 0.18 0.16 0.15 0.16 0.13 0.16 0.1 0.11 0.15 0.2 0.16 0.15 0.16 0.18 0.16 0.16 0.11 0.18 0.14 0.14 0.15 0.00
MgO 19.6 21.4 20.8 5.47 7.26 7.09 7.95 5.21 9.74 7.64 5.91 8.17 6.07 5.7 8.24 7.98 7.59 6.11 10.75 5.19 16.45 13.31 8.15 0.60
CaO 5.26 5.07 5.44 8.77 9.1 9.2 8.17 9.26 11.59 10.24 10.16 10.41 9.76 10.57 10.09 9.9 8.94 9.79 10.57 9.69 8.99 9.24 8.86 0.69
Na2O 2.16 2.06 1.67 3.63 3.57 3.25 3.11 3.72 1.57 2.25 3.16 2.62 3.45 3.38 2.88 3 3.4 3.53 1.33 4.1 1.37 1.72 3.27 0.13
K2O 0.56 0.52 0.71 0.72 0.49 0.29 0.78 0.37 0.34 0.57 0.35 0.23 0.69 0.41 0.8 0.57 0.37 0.68 2.48 0.52 0.26 0.47 0.85 0.14
P2O5 0.13 0.13 0.11 0.35 0.12 0.19 0.12 0.24 0.08 0.09 0.09 0.04 0.22 0.15 0.02 0.12 0.13 0.22 0.06 0.31 0.07 0.04 0.17 0.05
Sum 99.9 99.6 99.5 100.3 100.2 99.6 99.6 100.0 99.8 99.0 99.8 100.2 100.3 100.4 100.3 99.6 100.5 100.2 100.17 99.5 99.7 100.05 100.09 0.17
X-Ray fluorescense (ppm)
Nb 3 3 2 4.9 2 2.7 1.7 1.5 0.9 0.2 4.5 2.4 1 1.2 1.6 2.1 1 3.9 1 1.4 2.7 1.1
Zr 56 56 53 84 50 38 34 35 11 14 79 42 7 20 32 40 23 70 30 28 83 28
Sr 381 333 316 603 692 675 672 647 725 734 685 616 562 633 594 591 592 868 586 693 573 632 614 86
Zn 106 109 94 83 78 85 57 74 65 81 78 75 68 84 72 32 75 88 73 78 77 7
Ni 446 643 621 39 107 21 161 133 46 64 45 34 95 78 91 36 237 21 335 226 109 31
Cr 707 1065 1308 63 160 72 189 213 67 219 95 69 212 229 204 76 161 51 252 305 252 103
V 109 129 142 195 188 157 46 193 265 214 234 244 208 212 154 58 33 242 57 91 197 21
Ce 19 12 9 33 19 23 12 14 6 13 25 17 7 11 18 12 9 35 13 10 23 7
Ba 181 167 186 350 165 245 106 222 188 123 213 178 171 171 247 180 206 213 88 140 233 43
La 8 3 6 15 7 8 3 6 3 3 12 6 1 3 4 4 4 13 2 4 11 3
Y 8 9 17.8 10.5 10.6 5.3 11.5 4 4.3 7.5 17.6 12 6.6 8 10.6 6.7 2.9 23.4 3.5 4.2 14.9 1.6
Rb 12 10 14.8 9.9 3.8 27.4 6.2 9.5 14 3 15.4 6.1 39.5 14.1 6.4 11 79.5 7.2 7.2 14.3 16.1 6.3
Ga 11 11 20 17 19 17 20 15 19 17 20 20 18 17 20 19 14 21 13 15 19 1
ICP-AES (ppm) INAA (ppm)
La 6.4 6.5 14.3 6.0 9.5 4.1 5.4 4.9 3.4 7.5 3.3 4.2 10.4 3.1
Ce 15.5 12.4 34.8 15.2 22.5 10.0 11.1 10.2 7.0 15.5 6.7 7.9 24.4 6.3
Pr 2.1 1.6 4.5 2.1 3.0 1.3 b.d. b.d. b.d. 1.9 b.d. b.d.
Nd 7.6 7.1 19.0 8.7 12.1 4.8 4.7 6.1 4.6 9.5 3.6 4.1 13.9 2.8
Sm 2.1 1.9 4.7 2.6 3.2 1.2 1.2 1.6 1.3 2.7 1.0 1.2 3.12 0.43
Eu 0.63 0.59 1.39 1.04 1.32 0.42 0.57 0.85 0.8 0.88 0.36 0.45 1.05 0.08
Gd 1.5 1.7 3.7 2.3 2.5 1.0 b.d. 1.5 1.5 2.3 b.d. b.d.
Dy 1.40 1.60 3.1 1.9 2.1 b.d. b.d. 1.60 1.40 2.10 b.d. b.d.
Ho 0.26 0.35 0.6 0.41 0.38 0.18 b.d. 0.33 0.34 0.37 0.16 0.18
Er 0.80 0.90 1.4 1.1 0.9 b.d. b.d. b.d. b.d. 1.0 b.d. b.d.
Tm 0.11 0.13 0.2 0.15 0.13 b.d. b.d. 0.13 0.13 0.14 b.d. b.d.
Yb 0.6 0.8 1.2 0.8 0.8 b.d. b.d. b.d. b.d. 0.9 b.d. b.d. 1.39 0.16
Lu 0.1 0.11 0.18 0.11 0.11 b.d. b.d. 0.10 0.11 0.13 b.d. b.d. 0.22 0.03
Ca/Na mol 2.35 2.37 3.14 2.33 2.46 2.73 2.53 2.40 7.11 4.38 3.10 3.83 2.73 3.01 3.38 3.18 2.53 2.67 7.66 2.28 6.32 5.18 2.6 0.2
K/P 8.2 7.6 12.3 3.9 7.8 2.9 12.4 2.9 8.1 12.0 7.4 10.9 6.0 5.2 76.1 9.0 5.4 5.9 78.6 3.2 7.1 22.4 9.7 3.1
P/Zr 10.1 10.1 9.1 18.2 10.5 - - 27.6 10.3 11.2 35.7 12.5 12.2 15.6 12.5 26.2 17.7 24.0 11.4 19.3 10.2 6.2 8.7 3.8
Rb/Y 1.5 1.1 - 0.8 0.9 0.4 5.2 0.5 2.4 3.3 - 0.4 0.9 0.5 6.0 1.8 0.6 1.6 27.4 0.3 2.1 3.4 1.1 0.4
* total iron as Fe3+. "b.d"= below determination. "-" not applicable. For methods and precision of the analyses see Appendix 1.
 
5.1. Group I. Partially crystallized xenoliths 
The major element compositions of these xenoliths are characterized by low SiO2 (46-
47 wt %) and high MgO (20-21 wt %) when compared to the basaltic composition of the 
TSPC (Table 11 and Fig. 15). The xenoliths have low concentrations of incompatible 
minor and trace elements (K2O = 0.52-0.71 wt %; Rb =10-12 ppm; Zr = 53-56 ppm; Y = 8-
9 ppm), whereas concentrations of Ni (446-643 ppm), and Cr (707-1308 ppm) are much 
higher than those of the TSPC basalts (Table 11). The high MgO, Ni, and Cr 
concentrations together with the high modal proportions of olivine suggest that the 
xenoliths have accumulated olivine (and Cr-spinel) (Fig. 15). Ratios of elements that are 
not affected by olivine accumulation, such as Ca/Na mol (2.4-3.1), K/P (8-13), P/Zr (9-10), 
and Rb/Y (1-1.5) fall within the range of TSPC basalts (Fig. 16). The REE abundances are 
low (e.g., Ce = 12.4-15.5 ppm), and the La/Yb values are within the mean of the TSPC 
basalts (La/Yb = 8.1-10.6) (Fig. 17). 
 
5.2. Group IICL xenoliths 
The major element compositions of most of these xenoliths are comparable to those of 
high-alumina basalts typical of subduction zones (e.g., Gust & Perfit, 1987; Kersting & 
Arculus, 1994). The SiO2 concentrations range from 49 to 52 wt %, MgO from 5.2 to 8.2 
wt %, Al2O3 from 17.2 to 19 wt %, and Ca/Na mol from 2.3 to 3.8 (Table 11). Samples 
Hx14e, Hx14h, and Hx14y stand out from the rest by their lower concentrations of SiO2 
(46-47 wt %), generally higher MgO (7.6-10.7 wt %), higher Al2O3 (21.8-23 wt %), and 
higher Ca/Na (4.4-7.7) (Fig. 15). Trace and minor element abundances are highly variable. 
Most xenoliths have concentrations of incompatible elements that range from those like 
TSPC basalts to much lower values (Fig. 15). For example, concentrations of K2O range 
from 0.2 to 0.8 wt %, Rb from 3 to 40 ppm, Zr from 7 to 84 ppm, and Y from 5.3 to 23.4 
ppm (Table 11). The P2O5 and TiO2 also show large concentration ranges, from lower to 
higher values than those of the TSPC basalts. In contrast, the Sr and Ni concentrations of 
most xenoliths fall within the concentration ranges of the TSPC basalts (Fig.15). Samples 
Hx14e, Hx14h, and Hx14y also have lower concentrations of some incompatible elements 
(i.e., Y and Zr), but the Ni concentrations (133-237 ppm) are higher than most other 
xenoliths, whereas K2O (0.34-2.48 wt %) and Rb (10-80 ppm) are highly variable. The low 
concentrations of incompatible element of most xenoliths could be due to accumulation of 
plagioclase or olivine. However, the fact that most xenoliths have Sr and Ni concentrations 
within the values of the TSPC basalts suggests that loss of interstitial melt rich in 
incompatible elements is a more plausible explanation. Accumulation of olivine may be a 
contributing factor for samples Hx14e, Hx14h, and Hx14y, as they have higher Ni 
concentrations than the rest of the xenoliths and the TSPC basalts. 
Ratios of incompatible elements are also highly variable. Most of the xenoliths have 
values of K/P (5-76) that range from higher to lower than those of the TSPC basalts. The 
P/Zr (11-38) and Rb/Y (0.4-27) values vary from those of the TSPC basalts to higher 
(Fig.16). Samples Hx14e, Hx14h, and Hx14y have P/Zr values (10-11) that fall within 
those of the TSPC basalts, whereas Rb/Y (2-27) and K/P (8-78) range from values of the 
TSPC basalts to much higher (Fig. 16). Such a large range of incompatible element ratios 
further indicates that open-system processes (e.g., melt or fluid migration) may have 
modified the bulk chemistry of the xenoliths.  
The REE contents are generally low, but range from higher (e.g., Ce = 34.8 ppm) and 
steeper patterns (La/Yb = 11.9) than those of the TSPC basalts, to lower REE 
concentrations (e.g., Ce = 7 ppm) and less steeper patterns. Some xenoliths show a positive 
Eu anomaly (Eu/Eu* up to 2.5) when normalized to primitive mantle (McDonough et al., 
1992). In general, samples with lower REE concentrations have higher positive Eu 
anomalies, and their REE patterns are flatter (Fig. 17). Positive Eu anomalies can be 
produced by plagioclase accumulation, although they could also occur if the parent liquid 
had initially a positive Eu anomaly or, as it will be discussed later, by loss of interstitial 
liquid with a negative anomaly. The REE concentrations of samples Hx14e, Hx14h, and 
Hx14y are low (e.g., Ce = 10-11 ppm) with the HREE (Heavy Rare Earth Elements, Gd to 
Lu) below determination limits (Fig. 17). 
 
5.3. Group IIHR xenoliths 
These samples have low concentrations of SiO2 (~ 45 wt %) and high MgO (13.3-16.5 
wt %) when compared to the mean basaltic composition of the TSPC (Fig. 15). The 
concentrations of incompatible elements are also low (K2O = 0.26-0.47 wt %, Zr = 28-30 
ppm, and Y = 3.5-4.2 ppm). The concentration of Ni (226-335 ppm) and the Ca/Na values 
(5.2-6.3) are higher than those of the TSPC basalts, thus olivine and plagioclase 
accumulation could be partly responsible for the low incompatible element abundances. 
Ratios of incompatible elements such as P/Zr (6-10) are within the values of the TSPC 
basalts, but the K/P (7-25) and Rb/Y (2-3) values range from those of the TSPC basalts to 
higher (Fig. 16). This indicates that processes other than plagioclase and olivine 
accumulation have modified the composition of these samples (e.g., melt or fluid 
migration; see Discussion). They have very low REE concentrations (e.g. Ce= 6.7-7.9 
ppm), with the HREE below detection limits (Fig. 17). 
  
 
Figure 15. Major and trace element variation diagrams of the three groups of xenoliths. 
Also shown is the mean composition of ten TSPC basalts. Black arrows indicate the effects 
of accumulation of Pl and Ol to the TSPC composition. Ni concentration is that of Ol 
analysis n-V-1c. The Sr concentration of An88 and An60 is taken from the isotope dilution 










Figure 16. Variation diagrams of element ratios of the three groups of xenoliths. The 
legend is the same as in Fig. 15. The arrow with the “a” letter indicates the geochemical 
effect (qualitative) of removing interstitial melt (after apatite crystallization) to a bulk 
composition of the TSPC. The arrow with the “b” letter indicates the geochemical effect 




Figure 17 A-C. Rare earth element concentrations normalized to primitive mantle 
(McDonough, 1992). A. Group I xenoliths. B. Group IICL xenoliths. C. Group IIHN 
xenoliths. See text for discussion. 
 
6.  40Ar/39Ar ANALYSES AND Sr ISOTOPE COMPOSITION 
6.1. 40Ar/39Ar analyses 
Incremental furnace heating 40Ar/39Ar analyses were performed at the University of 
Geneva following the methods described in Singer & Pringle (1996). Hornblende separates 
from the two samples of Group IIHN xenoliths show comparable apparent age spectra 
(Fig. 18), but they do not define a plateau that could be used to derive a reliable age (e.g., 
Singer & Pringle, 1996). Apparent ages increase with temperature from ca. 0.5-3 Ma (at 
750 oC) to 8-9 Ma (at 1050 oC), and then decrease to ca. 4 Ma (at 1200 oC).  
The high K/Ca of the first temperature steps (up to 950 oC) suggest the presence of 
phlogopite in the mineral separate, but afterwards the K/Ca value remains low (0.04-0.05) 
and within the values of hornblende obtained by electron microprobe analyses (0.03-0.08). 
This suggests that hornblende was the main degassing mineral (Fig. 18). Determining the 
cause(s) of the discordant 39Ar release spectra is beyond the scope of this paper, but since 
the samples are xenoliths, heat from the host lava may have modified their Ar distribution 
and partially degassed the hornblendes. In any case, we interpret these Ar data as 
indicating that the xenoliths are certainly older than 1 Ma and may be up to 8 Ma. The total 
fusion age is ca. 5 Ma, which is ~1 Ma younger than the age of the Huemul and Cerro 




Figure 18. Results of 40Ar/39Ar analyses of two hornblende separates (samples 
Hx14v and Hx14z) of Group IIHN xenoliths. See text for discussion. 
 
 
6.2. 87Sr/86Sr and Rb-Sr concentrations. 
87Sr/86Sr plus Rb and Sr concentrations of bulk-rock, hornblende and plagioclase 
mineral separates were determined by Thermal Ionization Mass Spectrometry at the 
University of California at Los Angeles (Table 12). Two samples of Group I xenoliths 
have indistinguishable 87Sr/86Sr of 0.703948-0.703955, which are lower than those of 
Group II xenoliths and among the lowest of the entire volcanic complex (J. Davidson and 
M. Dungan, unpublished data). 
As the 40Ar/39Ar analyses suggest that Group II xenoliths are < 9 Ma and they have low 
Rb concentrations, the reported Sr isotopic compositions are close to the initial values. 
Whole-rock and plagioclase 87Sr/86Sr of three samples of Group IICL xenoliths vary from 
0.704009 to 0.704117, which are within the values of the majority of the lavas erupted in 
the TSPC. The bulk-rock, plagioclase, and hornblende 87Sr/86Sr of sample Hx14v from 
Group IIHN xenoliths are within error (0.704048-0.704060). Those of sample Hx14z are 
also within error (0.704037-0.704021) but slightly lower than those of sample Hx14v. The 
small range of 87Sr/86Sr (< 0.00014) of minerals and bulk-rock of all xenoliths suggests that 










Table 12. Sr isotopic composition. Rb and Sr concentrations.
ppm Rb Sr 87Sr/86Sr 2-s
Group I
Hx14b 13 433 0.703948 0.000013
Hx14n 14 281 0.703955 0.000009
Group IICL
Hx12a 0.704042 0.000010
Hx14a 3.5 654 0.704009 0.000010
Pl-Hx14a 1.5 1033 0.704041 0.000011
Hx14j 0.704117 0.000013
Group IIHN
Hx14v 6.7 521 0.704048 0.000010
Pl-14v 0.13 1130 0.704048 0.000010
Hbl-Hx14v 3.5 201 0.704060 0.000011
Pl-14z 1.2 1127 0.704037 0.000009
Hbl-Hx14z 3.2 203 0.704021 0.000010
Mineral separates: Pl= plagioclase; Hbl=hornblende.
7. DISCUSSION 
7.1. Interpretation of mineral and whole-rock compositions of Group I xenoliths 
Crystallization sequence 
We propose a differentiation history for these xenoliths consisting of two stages: (1) 
crystallization and accumulation of olivine, Cr-spinel, and clinopyroxene from a basaltic 
water-bearing magma, and (2) reaction of an evolved liquid with the cumulus minerals to 
produce orthopyroxene, hornblende, and phlogopite with high mg-numbers and Cr2O3 
contents (Fig.13). Co-crystallization of hornblende and orthopyroxene (and to some extent 
phlogopite) is indicated by the fact that they include plagioclase with the same composition 
(Fig. 10). Plagioclases are not resorbed suggesting that they did not participate in the 
reactions. Given the bimodal distribution of plagioclase composition, we assign the 
crystallization of anorthitic plagioclase cores (An85-70) to the first crystallization stage, and 
the more albitic plagioclase rims (An45-20) to the second stage. 
The first crystallization event agrees well with crystallization sequences reported from 
low pressure (< 3 kbar) experiments on water-bearing basaltic and basaltic andesitic 
magmas (e.g., Sisson & Grove, 1993; Moore & Carmichael, 1998; Barclay & Carmichael, 
in prep.). The second stage is more unusual. Reactions between the interstitial liquid and 
early crystallized mafic minerals could be, in principle, due to: (1) closed-system 
crystallization of a water-bearing basaltic magma or (2) open-system percolative processes 
involving displacement of the mafic interstitial liquid by ingress of a more differentiated 
melt (e.g., infiltration metasomatism; Irvine, 1980). We favor the second possibility for the 
following reasons: 
(1) Reaction relations between clinopyroxene or olivine and liquid to produce 
hornblende, and between olivine and liquid to produce orthopyroxene have been reported 
in low pressure (< 3 kbar) crystallization experiments of basaltic to andesitic composition 
(e.g., Sisson & Grove, 1993; Grove et al., 1997; Moore & Carmichael, 1998; Barclay & 
Carmichael, in prep.). However, in none of these experiments co-crystallization of 
hornblende and orthopyroxene (and phlogopite) in a reaction relation with olivine or 
clinopyroxene has been reported. Phlogopite is not reported even in water-bearing 
experiments with crystallinities of up to 90 % (Kawamoto, 1996). 
(2) The Na/Ca values of hornblende are high (for a similar Al content) with respect to 
hornblendes in most subduction-related gabbroic xenoliths and with respect to hornblende 
in low pressure (< 3 kbar) experiments on mafic to intermediate magmas (Fig. 11). This 
could be due to the high Na/Ca of the inferred reacting liquid (e.g., dacites of Volcán San 
Pedro have Na/Ca of ~ 1.2). 
(3) Primary magmatic micas in gabbroic xenoliths or plutons are rare, and when they 
occur they are biotite with much lower Mg/Fet than the phlogopite reported here (e.g., 
Arculus & Wills, 1980). Although phlogopite and biotite are not commonly analyzed in 
studies of gabbroic rocks, the Na/K of most phlogopites present in the xenoliths is higher 
than any of the phlogopite compositions reported from low pressure (< 3kbar) 
crystallization experiments (Fig. 12). The presence of phlogopite suggests that the reacting 
liquid had high concentrations of K2O and H2O, whereas the high Na/K could be due to the 
high mg-number of the phlogopite, as Volfinger et al. (1985) suggested that micas with 
high Mg/Fet preferentially incorporate Na into its structure 
(4) The abrupt compositional change in plagioclase from An85-70 to An45-20 between 
cores and rims is difficult to explain in terms of closed-system crystallization (e.g., Brophy 
et al., 1996). Plagioclase consisting of an anorthite-rich core mantled by an albite-rich rim 
is common in cases of mingling between felsic and mafic magmas (e.g., Feeley & Dungan, 
1996), and suggests a two-stage history for the plagioclases of these gabbroic xenoliths. 
(5) The coexistence of forsteritic olivine and rhyolitic glass is atypical of closed-system 
crystallization, but examples of such occurrence have been recognized in systems where 
mingling between felsic and mafic magmas has occurred (e.g., Feeley & Dungan, 1996) 
To reconcile all these observations we envision a scenario where the xenoliths consisted 
of a crystal network of olivine, Cr-spinel, clinopyroxene and anorthitic plagioclase with 
mafic liquid filling the interstices. The mafic liquid was displaced through porous flow by 
a more evolved melt that reacted with the cumulus minerals and triggered crystallization-
reaction of hornblende, orthopyroxene, and phlogopite. This was followed by 
crystallization of albitic plagioclase rims.  
The process of melt migration was probably driven by the density contrast between the 
intercumulus mafic melt and the lighter and more evolved liquid that displaced it. Such a 
process has been reproduced in laboratory crystallization experiments using solutions of 
simple salts (e.g., Chen & Turner, 1980; Kerr & Tait, 1986; Tait & Jaupart, 1992). In these 
experiments, light residual liquid released from the lower parts of the crystal-rich solution 
migrates upward and causes dissolution of the overlying crystals (Tait & Jaupart, 1992). 
We propose that the xenoliths represent the natural counterparts of such a system wherein 
light residual liquid dissolved and reacted with cumulus minerals. In the following sections 
we attempt to derive some constraints on the composition and amount of the percolating 
liquid. 
 
Constraints on the amount of the reactive melt 
The proportions of post-cumulus minerals (hornblende, orthopyroxene, phlogopite, plus 
plagioclase rims) and glass present in the xenoliths provide a rough estimate of the amount 
of interstitial melt that could have been displaced. However, since hornblende, 
orthopyroxene, and phlogopite are the products of reactions that consumed liquid and 
minerals, their observed modal abundances do not directly correspond to the porosity at the 
time of melt migration. The proportions of liquid and minerals that participated in the 
reactions were taken from the literature: for the hornblende reaction we have used the 
stoichiometry (wt %) determined by Sisson & Grove (1993): 100 Hbl = 22 Ol + 38 Cpx + 
42 liquid. For the orthopyroxene reaction we have estimated the stoichiometry (wt %) 
suggested by Kelemen (1990): 100 Opx = 60 Ol + 40 liquid. No stoichiometry for the 
phlogopite reaction was found in the literature, so we assumed that the modal amount of 
phlogopite corresponds to liquid consumed. Lastly, we have estimated that plagioclase 
rims are 1/3 of the plagioclase in the xenoliths. 
The results are shown in Table 13. It is apparent from the calculations that: (1) prior to 
reaction the three xenoliths consisted of large amounts of olivine (40-43 wt %), so that for 
sample Hx14n the calculated amount of olivine prior to reaction is twice the observed 
amount. The amount of clinopyroxene that was consumed (4.5-12.5 wt %) is also 
significant, (2) The quantity of reactive liquid is almost the same for the three xenoliths (31 
to 33 wt %). This implies that prior to melt migration, the porosity of the xenoliths was ~ 
0.3. The calculated amounts of crystals and melt are used in the following section to place 




Constraints on the composition of the reactive melt 
To further constrain the hypothesis that an evolved melt displaced the interstitial liquid 
of the xenoliths we have performed a mixing model between the modal composition of the 
cumulates prior to reaction (calculated previously) and a dacite from Volcán San Pedro. To 
account for the fact that in the previous calculations it was not possible to estimate the 
amount of Cr-spinel that was consumed in the hornblende and orthopyroxene reactions, we 
have added ~ 3 wt % of Cr-spinel to the composition of the cumulate. The results (Table 
14) show that mixing 70 wt % of cumulate with 30 wt % of dacite produces compositions 
that resemble those of the bulk composition of the xenoliths, with residuals between 1.4 
and 3.4. Given the uncertainties on the mineral modes estimated by the stoichiometry of 
the reactions taken from the literature, the low residuals seem to favor the hypothesis that 
the interstitial melt of the xenoliths was displaced by a dacitic liquid. 
 
Table 13. Estimation of the proprtions of minerals and liquid consumed by reactions of Group I xenoliths
modes (wt%) liquid + Ol = Opx*  calculated mineralogy prior to reaction
Hx14b Hx14k Hx14n wt% Hx14b Hx14k Hx14n wt% Hx14b Hx14k Hx14n
Ol 32.0 24.7 22.4 Ol 5.3 13.1 10.7 Ol 39.9 42.5 40.5
An80 22.8 14.8 13.8 liquid 3.5 8.7 7.1 Cpx 4.4 7.7 12.5
An40 11.1 7.2 6.7 An80 22.8 14.8 13.8
Opx 8.8 21.8 17.8 liquid + Cpx + Ol = Hbl** Spl 1.4 2.2 0.4
Cpx 0.0 0.0 0.3 Ol 2.7 4.7 7.5 Total 68.5 67.2 67.1
Hbl 12.2 21.5 33.9 Cpx 4.4 7.7 12.2
Phl 1.6 7.3 2.8 liquid 5.1 9.0 14.2 calculated amount of replaced melt (wt%)
Spl 1.4 2.2 0.4 An40 11.1 7.2 6.7
Glass 10.1 0.5 2.1 total of reacted minerals and liquid Phl 1.6 7.3 2.8
Ol 8.0 17.8 18.1 liquid 8.7 17.7 21.3
Cpx 4.4 7.7 12.2 glass 10.1 0.5 2.1
Tot min 12.4 25.5 30.3 Total 31.5 32.8 32.9
liquid 8.7 17.7 21.3
*Opx reaction: 100 Opx= 60 Ol + 40 liquid, wt%. Estimated from Kelemen (1990). 
**Hbl reaction = 100 Hbl= 22 Ol + 36 Cpx + 42 liquid, wt%. From Sisson & Grove (1993). See text for discussion.
Table 14. Mixing model between the calculated cumulate prior to reaction ( see Table 13) and a dacite from Volcan San Pedro.       
                 
 cum. 14b* Calc. mix** Hx14b Residual  cum. 14k Calc. mix* Hx14k Residual  cum. 14n Calc. mix* Hx14n Residual 
dacite 
(H23) 
SiO2 40.17 46.90 46.4 0.21  39.39 46.39 45.84 0.30  40.97 47.78 47.32 0.21  63.52 
TiO2 0.20 0.32 0.54 0.05  0.25 0.36 0.64 0.08  0.23 0.36 0.58 0.05  0.64 
Al2O3 11.03 12.66 11.72 0.88  7.64 10.27 10.63 0.13  7.51 10.29 10.94 0.43  16.70 
Fe2O3 15.30 12.33 13.25 0.84  17.18 13.65 13.1 0.30  15.03 12.00 11.73 0.07  5.00 
MnO 0.19 0.16 0.2 0.00  0.22 0.18 0.19 0.00  0.21 0.18 0.18 0.00  0.09 
MgO 25.66 18.93 19.6 0.45  28.92 21.19 21.44 0.06  28.39 20.51 20.82 0.10  2.28 
CaO 6.71 6.15 5.26 0.80  5.89 5.57 5.07 0.25  7.14 6.43 5.44 0.98  4.79 
Na2O 0.74 1.78 2.16 0.15  0.50 1.62 2.06 0.20  0.51 1.66 1.67 0.00  4.34 
K2O 0.02 0.72 0.56 0.02  0.01 0.72 0.52 0.04  0.01 0.75 0.71 0.00  2.45 
P2O5 0.00 0.05 0.13 0.01  0.00 0.05 0.13 0.01  0.00 0.06 0.11 0.00  0.19 
    R2 3.41     R2 1.36     R2 1.85   
Cumulate mineralogy                
                 
Spl (n-1-15) 0.04     0.05     0.03      
Fo83 0.40     0.43     0.41      
An80 0.23     0.15     0.14      
Cpx (n-III-2c) 0.04     0.08     0.12      
Total 0.71     0.70     0.70      
                 







7.2. Interpretation of mineral and whole-rock compositions of Group IICL xenoliths 
Crystallization sequence 
The crystallization history of most of these xenoliths (excepting samples Hx14e, Hx14h 
and Hx14y) consisted of plagioclase±olivine, and later, pyroxenes and minor Fe-Ti oxides. 
This was followed by plagioclase, apatite, and by poikilitic magnetite and ilmenite. 
Hornblende and phlogopite post-date all other minerals and crystallized in a reaction 
relation with plagioclase, pyroxenes, and olivine. 
The occurrence of late poikilitic Fe-Ti oxides, the low anorthite content of plagioclase 
(e.g., An60), and the relatively low enstatite contents of the orthopyroxene (e.g., En62), 
suggest a drier crystallization sequence than Group I xenoliths. Samples Hx14e, Hx14h, 
and Hx14y lack the late poikilitic Fe-Ti oxides, and have plagioclases with high anorthite 
contents (e.g., An88), suggesting they crystallized from wetter magmas than the rest of the 
xenoliths of this group.  
 
Geochemical evidence for melt or fluid migration 
As previously discussed, the low concentrations of incompatible elements (i.e., Zr) of 
most xenoliths are not correlated with high concentrations of compatible elements (i.e., Sr 
and Ni). This suggests that the low incompatible element concentrations are due to loss of 
evolved intercumulus liquid rather than to mineral accumulation. As illustrated in the 
Ca/Na versus Sr plot, sample Hx14w is the only that lies on a mixing line between the 
composition of the TSPC basalts and plagioclase (An60), indicating that is the only xenolith 
that has accumulated a substantial amount of plagioclase. Samples Hx14e, Hx14h, and 
Hx14y have high Ni concentrations and high Ca/Na relative to the TSPC basalts so their 
low incompatible element abundances could be partly explained by accumulation of 
olivine and plagioclase (Fig. 16). 
Loss of interstitial melt from a crystal pile consisting of plagioclase and pyroxenes 
should not greatly modify ratios of incompatible elements such as P/Zr and K/P, as the 
partition coefficients for these elements in plagioclase and pyroxenes are < 0.1 (e.g., 
Rollinson, 1993). To explain the large range of P/Zr displayed by the xenoliths we suggest 
that expulsion of intercumulus liquid occurred both prior to and after apatite 
crystallization. Samples with high P/Zr lost melt after apatite crystallization, whereas 
xenoliths with P/Zr values within the range of the TSPC basalts (but low Zr and P2O5 
concentrations) lost melt prior to apatite crystallization (Fig. 16). It is worth pointing out 
that the xenoliths that lost melt prior to apatite crystallization are commonly the same that 
show positive Eu anomalies. This suggests that the positive Eu anomalies could be due to 
loss of interstitial liquid rich in REE with a negative Eu anomaly. 
Ratios of incompatible elements involving Rb and K are also highly variable. For 
example, many samples have Rb/Y values similar or lower than those of the TSPC basalts, 
whereas others have very high Rb/Y. Since Y is highly compatible in apatite (e.g., Pearce 
& Norry, 1979), the low Rb/Y values of some xenoliths could be explained by loss of 
interstitial liquid after apatite crystallization. The high Rb/Y of other xenoliths suggest that 
they have gained Rb with respect to Y. The same arguments are valid if K is substituted for 
Rb, and if Y is substituted by Zr. Decoupling of K and Rb from the rest of incompatible 
elements can be produced by the involvement of an aqueous fluid phase. This is because 
the fluid-melt partition coefficients of K and Rb are much higher than those of Y and Zr 
(e.g., Keppler, 1996). Accordingly, the high Rb and K2O concentrations and the high Rb/Y 
(or low P/Rb) values of some xenoliths could be explained by the arrival of an aqueous 
fluid phase (in the form of bubbles) that dissolved into the remaining melt (= fluid fluxing). 
Fluid could have flowed along grain boundaries of crystals or through microfractures (e.g., 
Shinohara & Kazahaya, 1995). 
The processes of melt and fluid migration discussed up to now are illustrated in 
qualitative terms in the P/Zr versus P/Rb plot of Figure 16. With respect to the values of 
the TSPC basalts, some xenoliths show P/Zr values that increase with P/Rb reflecting loss 
of melt after apatite crystallization (indicated by an arrow labeled a). The geochemical 
signature of fluid fluxing is to decrease the P/Rb values (indicated by an arrow labeled b) 
but maintain constant P/Zr, a trend that could be inferred for some samples. 
 
Textural and mineralogical evidence for melt or fluid  
The bent laths and microcracks displayed by the plagioclases and the microfractures 
filled with hornblende, phlogopite, orthopyroxene, and magnetite are interpreted as textural 
evidence of expulsion of interstitial liquid by compaction processes. Microfractures 
commonly cut across bent plagioclase crystals, suggesting that rock deformation changed 
from ductile to brittle (e.g., Kronenberg & Shelton, 1980), or that the behavior of 
plagioclase changed from plastic to cataclastic (e.g., Hacker & Christie, 1990). Perhaps, 
during initial ductile deformation of the crystal matrix, melt migrated through the pore 
spaces, and later during brittle deformation melt migration occurred mostly through 
microfractures. Deformed plagioclase crystals and veins filled with hydrous minerals have 
been also recognized in tholeiitic layered intrusions and interpreted as evidence of 
compaction and melt migration (e.g., Skaergaard, McBirney & Hunter, 1995; McBirney & 
Nicolas, 1997; Stillwater Complex, Meurer & Boudreau, 1998). 
Because microfractures are mainly filled with hornblende and phlogopite, the 
percolating liquid was evolved and water-rich. This is in accord with the high P/Zr of many 
xenoliths which is consistent with melt expulsion at an advanced stage of evolution, after 
apatite crystallization. The inferred upward migrating liquid reacted with olivine, 
pyroxenes, and plagioclase, and produced hornblende and phlogopite with higher mg-
numbers and Cr2O3 contents than those occurring in microfractures. 
The evidence of fluid fluxing inferred from the high Rb/Y and low P/Rb values of some 
xenoliths can be documented by monitoring the halogen compositions of apatite (e.g., 
Boudreau & McCallum, 1989). When a fluid is exsolved from a melt, Cl tends to partition 
into the fluid phase, whereas F remains in the melt (e.g., Candela & Piccoli, 1995; 
Villemant & Boudon, 1999). Apatites crystallized from melts fluxed by fluids tend to have 
higher Cl/F values than those that crystallize from non-fluxed melts (e.g., Boudreau & 
McCallum, 1989). Apatites from one sample (Hx12a) have low Cl/F values (Fig. 14), 
whereas the rest have much higher Cl/F suggesting that they have crystallized from melts 
enriched by fluids. Because it is not apparent from Figures 14 and 16, it is worth noting 
that samples which lost melt prior to apatite crystallization, also have apatites with high 
Cl/F (e.g., Hx14y and Hx14e). This suggests that fluid arrival might have post-dated melt 
migration. Other mineralogical observations that are consistent with late-stage arrival of a 
fluid are the occurrence of radial aggregates of late phlogopite surrounding olivine, and in 
some cases orthopyroxene.  
The available stable isotope analyses (sample Hx14h, whole rock: d18O = 5.4, 
plagioclase, d18O = 6.2; sample Hx14a, plagioclase, d18O = 6.3, all values relative to 
SMOW; B.S. Singer, unpublished data) suggest that the xenoliths have not been affected 
by hydrothermal meteoric water circulation (e.g., Taylor and Forester, 1979), so that the 
processes described here involved high temperature magmatic fluids. 
 
7.3. Interpretation of mineral and whole-rock compositions of Group IIHN xenoliths 
Crystallization sequence 
A detailed crystallization sequence for this group of xenoliths is difficult to establish 
due to the high proportions of hornblende. However, at least two crystallization events can 
be distinguished: (1) crystallization of Cr-spinel, olivine, plagioclase, clinopyroxene, and 
orthopyroxene, and (2) reaction of an evolved water-rich liquid with the pre-existing 
minerals to produce poikilitic hornblende and phlogopite. The high anorthite contents of 
plagioclase (An88) suggest that the original magma was more water-rich than most 
xenoliths of Group IICL. 
 
Geochemical evidence for melt and fluid migration 
The bulk-rock compositions of these xenoliths are characterized by low concentrations 
of incompatible elements and high abundances of Ni and high Ca/Na, when compared to 
the TSPC basalts (Figs. 15 and 16). As hornblende crystallization apparently involved 
reactions that consumed olivine and plagioclase, it is difficult to establish from the 
observed modal abundaces whether the low incompatible element concentrations of these 
xenoliths are due solely to plagioclase and olivine accumulation, or if melt migration was 
also important. Ratios of incompatible elements such as P/Zr and P/Y values are within 
those of the TSPC basalts, which suggests that if migration of interstitial liquid occurred, it 
was prior to apatite crystallization. In contrast, their Rb/Y and K/P values are typically 
higher than those of the TSPC basalts. Using the same arguments presented for the Group 
IICL xenoliths, we suggest that a fluid fluxed the interstitial liquid of these xenoliths. 
 
Textural and mineralogical evidence for melt and fluid migration 
Because plagioclase inside hornblende shows bent twins (Fig. 7) it seems that 
hornblende (and probably phlogopite) crystallized after some deformation had already 
occurred. This is consistent with the interpretation that compaction of the cumulate pile 
and expulsion of interstitial melt is partly responsible for the low incompatible element 
concentrations of these xenoliths. We propose that after some interstitial melt escaped from 
the crystal-mush, a fluid enriched the residual liquid in volatile components including K, 
Rb, and H2O. This triggered reactions between the cumulus minerals and the liquid and 
produced hornblende and phlogopite with high mg-numbers and Cr2O3 contents. The 
process proposed here might be analogous to the situation described by Boudreau (1999) 
for the Olivine-Bearing Zone I of the Stillwater Complex (Montana). He interpreted the 
occurrence of hornblende and biotite mantling resorbed plagioclase and olivine as due to 
fluid fluxing and reactions. 
Additional evidence for arrival of an aqueous fluid are the halogen contents of apatite 
(Fig. 14). Apatites from this group of xenoliths have high Cl/F values, and overlap with the 
samples of Group IICL for which fluid fluxing was proposed. The few available stable 
isotope analyses of this group of xenoliths (sample Hx14v: hornblende, d18O = 5.3; 
plagioclase, d18O = 6.1; bulk-rock, dD = -62, all values relative to SMOW; B.S. Singer, 
unpublished data) suggest that the fluids that fluxed the xenoliths were magmatic and not 
meteoric (e.g., Taylor & Forester, 1979). 
 
7.4. Implication for the presence of hornblende and phlogopite in calc-alkaline 
gabbroic rocks 
The three groups of gabbroic xenoliths have significants amounts of hornblende and 
phlogopite, either as small crystals filling microfractures, or as large poikilitic post-
cumulus crystals that can make up >50 vol. % of the rock. In this respect they are not 
unusual, and a survey of the literature shows that the majority of calc-alkaline gabbroic 
xenoliths and plutons have important amounts of hornblende (xenoliths: Aoki, 1971, 
Itinome-gata, Japan; Arculus & Wills, 1980, Lesser Antilles; Conrad & Kay, 1984, Adak, 
Aleutian arc; Grove & Donnelly-Nolan, 1986, Medicine Lake, California; Beard, 1986, 
compilation from different sites; Yagi & Takeshita, 1987, Japan; Fichaut et al., 1989, 
Martinica, Lesser Antilles; Beard & Borgia, 1989, Arenal volcano, Costa Rica; Heliker, 
1995, Mt. St. Helens; Hickey-Vargas et al., 1995, Calbuco volcano, southern Chile; 
gabbroic plutons: Smith et al., 1983, Peninsular Ranges batholith, California; Ulmer et al., 
1983, Adamello batholith, Italy; Fabriès et al., 1984, Saint Quay-Portrieux intrusion, 
Britanny, France; Otten, 1984, Artfjället gabbro, Swedish Caledonides; Regan, 1985, 
Coastal batholith of Peru; Whalen, 1985, Uasilau-Yau Yau Intrusive Complex, New 
Britain; Beard, 1986, compilation from different sites; Himmelberg et al., 1987, Yakobi 
intrusion, Alaska; Beard & Day, 1988, Smartville Complex, California; DeBari & 
Coleman, 1989, Tonsina Complex, Alaska; Springer, 1989, Pine Hill Complex, California; 
Kepezhinskas et al., 1993, Kamchatka; DeBari, 1994, Fiambalá intrusion, Argentina; 
Tepper, 1996, Chilliwack batholith, Washington; Sisson et al., 1996, Hornblende gabbro 
sill, California). This is in marked contrast with the rare occurrences of hornblende 
phenocrysts in basalts or basaltic andesites in arc volcanoes world wide (Sigurdsson & 
Shepherd, 1974, Kick’em-Jenny Volcano, Lesser Antilles; Arculus, 1976, Grenada, Lesser 
Antilles; Arculus et al., 1976, Bogoslof Volcano, Alaska; Luhr & Carmichael, 1985, Cerro 
la Pilita, Mexico; Peterson & Rose, 1985, Ayarza caldera, Guatemala; Rose, 1987, Santa 
María Volcano, Guatemala). The occurrence and compositions of hornblende (e.g., high 
mg-number and Cr2O3 contents) in gabbroic xenoliths has led to some authors (e.g., 
Conrad & Kay, 1984; Yagi & Takeshita, 1987; Beard & Borgia, 1989) to propose that it 
was an early crystallizing mineral, with the implication that it might be responsible for the 
calc-alkaline trend of subduction zone magmas (e.g., Yagi & Takeshita, 1987). 
Experiments on basaltic and basaltic andesitic water-bearing compositions have shown 
that, in some instances, hornblende can be a near liquidus mineral even at low pressures (< 
3 kbar; e.g., Sisson & Grove, 1993; Barclay & Carmichael, in prep). This has led to the 
interpretation that the paucity of hornblende phenocrysts in mafic lavas is due to an 
increase in magma crystallinity once hornblende crystallizes, thus hornblende-bearing 
mafic magmas are unable to erupt (Barclay & Carmichael, in prep). The petrological, 
mineralogical and geochemical characteristics of the San Pedro xenoliths suggest that the 
large amount of hornblende in gabbroic rocks can be due to open-system percolation in 
crystal piles. Aside from the possibility of hornblende crystallizing due to protracted 
closed-system crystallization, we propose that migration of evolved melt (and fluid) in 
plutonic systems can produce reactions with early crystallized minerals (olivine, Cr-spinel, 
pyroxenes and plagioclase) leading to the production of large proportions of hornblende 
(and phlogopite) with compositions that resemble those of early crystallization from mafic 




A detailed petrographic and compositional study of two groups of gabbroic xenoliths 
from the Tatara-San Pedro Complex has shown that these xenoliths record multistage 
crystallization histories involving reactions related to melt migration. Reaction of mafic 
cumulus minerals (Cr-spinel, olivine, pyroxenes and plagioclase) with percolating evolved 
melts and fluids triggered crystallization of hornblende and phlogopite. We suggest that the 
higher abundance of these hydrous minerals in calc-alkaline gabbros compared to basalts 
or basaltic andesites can be explained by melt migration and reaction processes within the 
cumulate piles of magma chambers.  
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Electron microprobe analyses 
Analyses were performed with a Cameca SX-50 at the University of Lausanne. 
Analyses were carried out using WDS, with an operating voltage of 15 kV. Beam current 
was 7 nA for glass, 15nA for plagioclase, hornblende, phlogopite, 20 nA for olivine and 
pyroxenes, 25 for spinel and ilmenite, and 30 nA for apatite. Beam diameter was ~ 1 µm, 
except for phlogopite (~2 µm), and for glass (5-10 µm). 
 
X-ray Fluorescence analyses 
Major and trace elements were determined at the University of Massachusetts by 
standard techniques (see Rhodes, 1988). The 2-s relative precisions are as follows: SiO2: 
0.6%, TiO2: 0.5%, Al2O3: 1%, Fe2O3: 0.5%, MnO: 6%, MgO: 1.2%, CaO: 0.6%, Na2O: 5 
%, K2O: 1.5%, P2O5: 4.5%. Rb: 10%, Sr: 1%, Zr: 1%, Nb: 6%, La: 4%, Ce: 12%, Y: 2.5%, 
V: 2%, Cr: 1.8%, Ni: 2%, Zn: 1%. 
 
Inductively coupled plasma-atomic emission spectrometry analyses 
Rare earth element analyses were performed at the University of Geneva. Details of the 
methods used are found in Voldet (1993). The relative 2-s precisions range between 5-10 
% depending on the concentration of the element. The REE concentrations determined by 
INNA (University of Massachusetts) and by ICP-AES agree within 10% for most elements 
(see text). 
 
Comparison between REE concentrations determined by
ICP-AES (U. Geneva) and INNA (U. Massachusetts).
ICP-AES INAA
ppm A1-WR A2-WR A1-WR A2-WR
La 20.8 20.3 23.0 22.8
Ce 39.4 39.7 45.0 45.3
Pr 3.9 4
Nd 15.7 15.7 16.7 17.4
Sm 3.2 3.1 3.01 3.02
Eu 0.60 0.63 0.56 0.62
Gd 1.9 1.9 n.a. n.a.
Tb n.a. n.a. 0.33 0.34
Dy 2.2 1.8 n.a. n.a.
Ho 0.48 0.38 n.a. n.a.
Er 1.3 n.a. n.a. n.a.
Tm 0.2 0.16 n.a. n.a.
Yb 1.2 n.a. 1.65 1.29
Lu 0.18 0.14 0.25 0.20  
 
Thermal ionization mass spectrometry analyses 
Analyses were made ate the University of California at Los Angeles. The 2-s relative 
precisions for Rb and Sr are ~1 %. The methods used are described in Ramos (1992). 







GLASS-BEARING GABBROIC XENOLITHS FROM VOLCÁN SAN PEDRO (36o 
S), CHILEAN ANDES: EVIDENCE OF MELT MIGRATION AND REACTION 
FRACTIONATION MECHANISMS FROM TRACE ELEMENT ZONING OF 





A late Holocene eruption of Volcán San Pedro (Tatara-San Pedro Volcanic Complex, 
TSPC, 36o S, Chilean Andes) brought to the surface a suite of gabbroic xenoliths. The 
xenoliths consist of Cr-spinel, olivine, minor clinopyroxene, orthopyroxene, hornblende, 
plagioclase, and phlogopite forming a crystal network with SiO2-rich (67-72 wt %) glass 
filling the interstices. Glass is distributed in pockets bounded by euhedral crystal faces 
suggesting that it is residual and not due to partial melting, thus we interpret these 
xenoliths as fragments of a partially crystallized zone of a magma chamber. This study 
combines textural, and major element plagioclase compositions determined by the electron 
microprobe plus trace element compositions determined by ion microprobe (Mg, Fe, Ti, K, 
Rb, Sr, Ba, La, Ce, Y, and Li), together with the composition of the interstitial glass to 
evaluate the differentiation mechanisms recorded in these xenoliths. Plagioclase crystals 
not included in hornblende, orthopyroxene, and phlogopite are characterized by anortithe-
rich cores (An86-70) mantled by more sodic rims (An40-20). Cores and rims are separated by 
a compositional gap of 30-40 mol % anorthite. Concentrations of Fe, Ti, K, Sr, Ba, La, Ce 
follow this abrupt major element shift suggesting a major change in the composition of the 
interstitial melt. Calculated melt compositions in equilibrium with plagioclase are 
consistent with an early episode of differentiation from basaltic to basaltic andesitic 
liquids, after which the interstitial melt changed abruptly to a dacitic composition. This is 
explained by an event of melt migration, where the interstitial mafic liquid was displaced 
by a dacitic melt that reacted with early-crystallized mafic minerals producing 
crystallization of orthopyroxene, hornblende, and phlogopite. During and after this event, 
the interstitial melt evolved to rhyolitic compositions. However, the calculated 
compositions in equilibrium with plagioclase rims are unlike the interstitial rhyolitic glass 
of the xenoliths or unlike dacitic to rhyolitic lavas and plutons found at the TSPC. This 
could be due to the complex nature of the melt migration and reaction processes that may 
occur in partially crystallized zones of magma chambers, or to uncertainties in the 




The physical and chemical processes that occur in partially crystallized zones of magma 
chambers have been treated experimentally (Chen & Turner, 1980; Turner & Gustafson, 
1981; McBirney et al., 1985; Huppert et al., 1986; Bédard et al., 1992; Tait & Jaupart, 
1992; Hort et al., 1999), and theoretically (Kerr & Tait, 1986; Brandeis & Jaupart, 1987; 
Martin et al., 1987; McKenzie, 1987; Lesher & Walker, 1988; Marsh, 1995; Spera et al., 
1995; Hort et al., 1999). An important result of these studies is that evolved interstitial 
liquids of partially solidified zones may migrate within crystal-mush zones (either by 
convection or by compaction) and the interior of the chamber. The main geological 
evidence for such processes is found in layered intrusions where expulsion and 
replenishment of interstitial liquids, locally accompanied by replacement reactions, is 
recognized as an important differentiation mechanism (e.g., Muskox, Irvine, 1980; 
Skaergaard, McBirney, 1995; Bushveld, Mathez, 1995; Stillwater Complex, Meurer et al., 
1997). Where such intrusions have undergone long term cooling and subsolidus 
reequilibration, post-solidification processes may partially obscure the compositional and 
petrographical effects of melt migration. Rare, partially solidified xenoliths that have been 
sampled naturally from active subvolcanic magma reservoirs provide another source of 
geological information to study the physical and chemical processes that occur in partially 
crystallized zones of magma chambers (e.g., Hermes & Cornell, 1981; Tait, 1988; deSilva, 
1989, Turbeville, 1992; Widom et al., 1993; Brophy et al., 1996). Although such xenoliths 
offer no information about the geometry or scale of zones in which differentiation 
processes may have operated, they preserve microscopic textural and compositional 
features that have been obscured or even erased in surface outcrops of large gabbroic 
intrusions.  
A late Holocene dacitic lava flow of Volcán San Pedro contains a suite of glass-bearing 
gabbroic xenoliths. This study uses textures plus major and trace element zoning of 
plagioclase together with the trace element composition of interstitial glass and hornblende 
to evaluate the differentiation mechanisms recorded by these xenoliths. Brophy et al. 
(1996) in a study of plagioclase textures, major and trace element zoning in a suite of 
glass-bearing gabbroic xenoliths from Medicine Lake Volcano, documented the 
fractionation mechanisms that occurred during closed-system evolution of a partially 
crystallized zone of a magma chamber. The study of the San Pedro xenoliths reveals a 
more complex scenario involving migration of interstitial liquids and reactions with the 
crystal-network through which these melts percolated. Specifically, we will test the 
hypothesis presented in Chapter II that the mafic intercumulus liquid in equilibrium with 
olivine, clinopyroxene, Cr-spinel, and anorthitic plagioclase, was displaced by a dacitic 
liquid that reacted with the mafic cumulus minerals to produce post-cumulus 
orthopyroxene, hornblende, and phlogopite. 
 
 
2. GEOLOGICAL SETTING 
Holocene Volcán San Pedro is the youngest and most prominent volcanic edifice (3621 
m) of the larger Quaternary Tatara-San Pedro Complex (~ 55 km3; TSPC), which is located 
on the volcanic front of the Southern Volcanic Zone (SVZ) of the Andes, at 36o S, 71o51'W 
(Singer et al., 1997; see Figs. 1 and 2 of Chapter II). The magmatic activity at Volcán San 
Pedro is divided into a cone-building phase comprising andesitic and dacitic lavas, and a 
younger phase that post-dates the sector collapse of the eastern flank of the volcano, which 
was accompanied by an explosive eruption that produced air-fall dacitic deposits (Singer & 
Dungan, 1992). This was followed by the eruption of a sequence of lava flows that 
apparently record the downward tapping of a strongly zoned magma chamber. The 
eruptive sequence comprises: (1) 0.2 km3 of biotite-hornblende dacite (66 wt % SiO2) 
containing abundant gabbroic xenoliths (up to 45 cm in diameter) and quenched mafic 
inclusions (QMI), (2) 0.5 km3 of two-pyroxene dacite (63 wt % SiO2) with abundant QMI, 
and (3) 0.1 km3 of two-pyroxene andesite (61 wt % SiO2) with rare QMI. The last volcanic 
activity consisted of 0.2 km3 of basaltic andesite magma (55-57 wt % SiO2) which rebuilt 
the summit cone. The fact that the xenoliths have been found exclusively in the first lava 
following a sector collapse and the ensuing explosive eruption suggests that they are 
fragments of the conduits or upper parts of the margin of the San Pedro magma chamber 
which were shattered and incorporated during the eruption (in a similar fashion to the May 
18, 1980 Mount St. Helens eruption; Heliker, 1995). 
Previous studies (Chapter II) distinguished between two suites of gabbroic xenoliths, 
but in this chapter we are only concerned with the suite of melanorites and norites bearing 




3. PETROGRAPHY AND CRYSTALLIZATION SEQUENCE OF THE 
XENOLITHS 
These xenoliths are olivine norites to melanorites (classification following Streckeisen, 
1976; Le Maitre, 1989; modes in Table 1 of Chapter II), with SiO2 contents of 46-47 wt %, 
MgO of 20-21 wt %, and K2O of 0.52-0.71 wt %. For a detailed discussion of the major, 
minor and trace element composition of the xenoliths see Chapter II. 
The xenoliths are characterized by the presence of interstitial, mainly rhyolitic glass (0.5 
to 13 vol. %) distributed in pockets and bounded by euhedral crystal faces, suggesting that 
these glass pockets correspond to residual liquid and that it is not due to partial melting. 
Cumulus olivine, clinopyroxene, and Cr-spinel are commonly anhedral and resorbed. In 
contrast, post-cumulus orthopyroxene, hornblende, and phlogopite are subhedral to 
euhedral and include resorbed olivine, clinopyroxene, and Cr-spinel (Fig. 1). Plagioclase is 
euhedral and occurs as inclusions in orthopyroxene, hornblende, and phlogopite, and in the 
matrix glass (Fig 1). Minor euhedral apatite is also present in the glass. From textural 
relations we infer reaction relations between liquid and olivine + clinopyroxene + Cr-
spinel to produce orthopyroxene + hornblende + phlogopite. For a more detailed textural 
and mineralogical description refer to Chapter II. 
 
 
Figure 1. Photomicrographs of the textures of the xenoliths. A. Interstitial glass with 
apatite (Ap) crystals. Note the euhedral crystal faces of hornblende (Hbl) and 
plagioclase (Pl). B. Reaction textures of sample Hx14n. Hornblende and phlogopite 
(Phl) are surrounding anhedral olivine (Ol) suggesting a reaction relation. In contrast, 
note that plagioclases are euhedral. C. Sample Hx14b. Euhedral plagioclase surrounded 
by vesiculated interstitial glass. D. NDIC image of the previous photomicrograph. Note 
the numerous oscillatory zones and the complex core of the plagioclases. E. Sample 
Hx14n. Plagioclase crystals partially enclosed by orthopyroxene (Opx). F. NDIC image 
of the previous photomicrograph. Plagioclases are sector zoned, but with scarce 
oscillatory zones or dissolution surfaces. The plagioclase cores (C) and rims (R) can be 
clearly distinguished.  
 
As previously discussed (Chapter II) the crystallization history of the xenoliths is 
characterized by the following magmatic events: (1) crystallization and accumulation of 
olivine (± Cr-spinel), followed by crystallization of clinopyroxene and anorthitic 
plagioclase (An86-An70), (2) displacement of the mafic interstitial liquid by an evolved melt 
(e.g., dacitic), and (3) reaction of the dacitic liquid with olivine + Cr-spinel + 
clinopyroxene to produce orthopyroxene + hornblende + phlogopite, followed or 
accompanied by further crystallization of An-poor plagioclase (e.g., An45-An6) and apatite. 
 
 
4. MAJOR AND TRACE ELEMENT COMPOSITION OF HORNBLENDE AND 
GLASS 
Major and minor element analyses of hornblende and glass were obtained with an 
electron microprobe (Cameca SX-50, University of Lausanne), and trace and minor 
element analyses were obtained with an ion microprobe (Cameca IMS-4f, University of 
Edinburgh). We performed six ion microprobe analyses in two hornblende crystals of 
sample Hx14n. The following elements were measured: Ti, Rb, Sr, Ba, Zr, Nb, Y, La, Ce, 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, and Li (Table 1). Seven ion microprobe analyses 
including Mg, Ti, Rb, Sr, Ba, Y, La, Ce, Sm, and Li were performed on the interstitial 
glass of sample Hx14b, and one in sample Hx14n (Table 1). Unless otherwise noted, the 2-
s relative precision of the discussed elements is better than 5 %. Analytical details are 




Hornblende is magnesiohastingsite (classification after Leake et al., 1997), with Cr2O3 
contents commonly <0.30 wt %, but occasionally up to 1 wt %. Center to margin 
compositional traverses show that TiO2 concentration decreases (from ~ 4 wt % to ~1 wt 




Some crystals are sector zoned and important compositional differences in Ti, Al, Mg 
and Ca occur across sectors. The two hornblende crystals have overlapping trace element 
compositions, but they display rather large concentration ranges. Rb varies from 7.4 to 8.3 
ppm, Sr from 171-225 ppm, Ba from 57 to 74 ppm, La from 3.5 to 6.6 ppm, and Y from 31 





4.2. Interstitial glass 
The interstitial glass is vesiculated and is variable in composition. Glass from sample 
Hx14n ranges from dacitic to rhyolitic, with SiO2 varying from 66.7 to 71.6 wt %, Al2O3 
from 18.7 to 14.5 wt %, Na2O from 2.6 to 6.6 wt %, and K2O from 3.7 to 8.6 wt %. Glass 
from sample Hx14b is rhyolitic, with higher SiO2 (69 to 75 wt %), similar Al2O3 (14-17 wt 
%), but lower Na2O (3.2 to 5.3 wt %) and K2O (3.6 to 5.5 wt %) contents (Table 1; 
additional glass analyses can be found in Chapter II). 
The high MgO concentration (0.8-1.4 wt %) of analyses b-3 and b-8 compared to the 
rest of the glasses (0.17-0.32 wt %) and to the electron microprobe analyses suggest that 
Table 1. Major and trace element compositions of hornblende and glass
Hornblende Glass
wt% n-1-1 n-1-2 n-1-5 n-2-2 n-2-3 n-2-4 n-1 b-1 b-2 b-3 b-5 b-6 b-8 b-9
SiO2 43.56 43.76 43.24 42.53 42.53 42.67 69.3 73.5 72.9 72.8 74.0 72.0 72.0 71.9
TiO2 1.44 2.73 3.18 3.65 3.60 3.71 0.26 0.13 0.18 0.20 0.18 0.22 0.20 0.16
Al2O3 11.84 11.07 11.10 11.42 11.93 11.66 14.89 15.42 15.47 15.81 15.12 15.97 15.65 16.07
Cr2O3 0.23 0.27 0.63 0.11 0.03 0.11
FeO* 9.62 9.11 9.17 9.06 9.55 9.24 1.83 0.57 0.57 0.48 0.87 0.63 0.54 0.71
MnO 0.12 0.16 0.12 0.11 0.10 0.13 0.05 0.00 0.00 0.00 0.06 0.18 0.04 0.10
MgO 16.22 15.99 15.88 15.66 15.55 15.46 0.18 0.26 0.22 0.23 0.23 0.27 0.23 0.25
CaO 11.16 11.70 11.58 11.63 11.57 11.58 0.99 0.26 0.30 0.30 0.25 0.35 0.47 0.35
Na2O 2.84 2.57 2.57 2.85 2.69 2.82 4.16 4.52 3.72 4.76 4.24 4.72 4.86 4.61
K2O 0.53 0.32 0.31 0.35 0.38 0.39 6.27 5.43 5.37 5.44 5.20 5.33 5.16 5.34
F 0.06 0.08 0.10 0.06 0.15 0.13
Cl 0.03 0.02 0.02 0.01 0.01 0.02
F=O 0.02 0.03 0.04 0.03 0.06 0.06
Cl=O 0.01 0.00 0.00 0.00 0.00 0.00
Tot 97.60 97.73 97.85 97.42 98.03 97.84 97.92 100.13 98.71 100.02 100.10 99.69 99.20 99.52
SIMS analyses
wt%
TiO2 1.51 2.47 2.92 3.20 3.12 3.15 0.22 0.09 0.11 0.20 0.13 0.15 0.31 0.14
MgO 0.17 0.23 0.24 0.89 0.27 0.30 1.44 0.32
ppm
Rb 8.2 7.9 7.5 8.3 8.0 7.4 126 139 101 87 99 96 117 139
Sr 171 191 218 208 203 225 47 9 9 49 9 6 34 9
Ba 57 58 66 69 64 74 588 318 252 455 256 335 722 464
Zr 91 67 55 73 61 65
Nb 4.16 3.40 3.21 2.51 2.63 2.81
Y 31 36 39 45 43 42 4.4 9.6 8.8 9.4 7.9 8.6 9.2
La 6.6 5.0 3.8 3.9 3.5 3.8 20 22 22 25 20 22 22 24
Ce 27 20 17 17 15 16 34 44 41 47 41 42 44 45
Pr 4.9 4.1 3.5 3.8 3.4 3.7
Nd 30 25 24 25 24 24
Sm 6.9 7.5 6.8 9.0 7.8 8.6 1.1 1.9 2.0 1.6
Eu 2.2 2.3 2.3 2.8 2.8 2.5
Gd 4.6 6.7 8.5 9.4 9.4 9.0
Tb 1.0 1.3 1.3 1.7 1.4 1.7
Dy 7 8 9 11 10 9
Ho 1.3 1.6 1.6 1.9 1.9 1.9
Er 3.7 4.5 4.7 5.3 4.8 4.9
Yb 4.1 4.2 3.7 4.6 4.5 4.0
Li 17 16 16 15 5 10 10 41 33 21 31 36 28 42
* total iron as Fe2+.  The first letter of the analysis label indicates the sample. For the precision of the ion microprobe analyses see Appendix I.
they are mixtures of glass and minerals, and thus they will not be further considered. The 
trace element composition of glass in sample Hx14b is variable, with large concentration 
ranges in Ba (252-464 ppm), Rb (96-139 ppm), and Sr (6-9 ppm). The concentrations of La 
(20-24 ppm), Ce (41-45 ppm), and Sm (1.6-2 ppm) are more homogeneous. The single 
glass analysis from sample Hx14n has higher Sr (46 ppm) and Ba (588 ppm) 
concentrations, lower Ce (34 ppm) and Sm (1.1 ppm) than glass of sample Hx14b.  
 
 
5. TEXTURES AND MAJOR ELEMENT ZONING OF PLAGIOCLASE 
Center to margin electron microprobe analyses were performed across 42 plagioclase 
crystals in samples Hx14b and Hx14n, with a total of ~ 2500 analyses. Plagioclase textural 
features were examined with Nomarski Differential Interference Contrast (NDIC), 
following the methods described in Singer et al. (1995). Plagioclases of both samples are 
strongly zoned, with cores at An86 and rims at ~ An20. Because plagioclase textures and 
certain zoning patterns among the two samples are different, they will be described 
separately. For the following description and discussion, plagioclase core compositions are 
those of anorthite contents between An86 to An70 mol %, compositions in transition zones 
between cores and rims are those of An70 to An45, and rim compositions are those with 
<An45. 
Plagioclase crystals in sample Hx14n are almost featureless, with only weak oscillatory 
zoning and few dissolution surfaces (Fig. 2a-d). Normally zoned euhedral cores (An86 to 
An75) mantled by normally zoned rims (An45 to An30) characterize plagioclase crystals that 
are not included in orthopyroxene, hornblende, or phlogopite (Fig. 2a-d). Plagioclase cores 
and rims are comparable in width, and are separated by a compositional gap of 30 to 35 
mol % An. This abrupt compositional shift typically occurs over a distance of less than 100 
µm, and it results in a bimodal compositional distribution with one mode at An80-82 and 
another at An40-42 (Fig. 3). Plagioclase crystals included in orthopyroxene, hornblende, or 
phlogopite have nearly identical compositions and are normally zoned from An86 to An40, 
(most compositions between An86 and An75; Fig. 3), suggesting that the three post-cumulus 
minerals crystallized concurrently. 
Plagioclase crystals in sample Hx14b display more complex textural and compositional 
features such as oscillatory zoning, dissolution surfaces and mineral and melt inclusions 
(Fig. 2e-f). Plagioclase crystals not included in orthopyroxene, hornblende, or phlogopite, 
show normally zoned cores from An86 to An70 that are mantled by normally zoned rims 
with anorthite contents as low as An6 at the edge of some crystals (Fig. 3). Typically, cores 
(~ 500 µm) are much larger than rims (~ 50 µm) and are separated by a narrow transition 
zone (~50 µm) in which decreases of up to 40 mol % An occur. Plagioclase crystals 
included in orthopyroxene are also normally zoned from An86 to An42, but most 
compositions are between An85 and An70 (Fig. 3). Multiple minor anorthite shifts (<10 mol 
%) associated with dissolution surfaces are present in many plagioclase cores. These 
secondary features will not be considered in detail, as we are mostly interested in the large 
compositional differences between plagioclase cores and rims. 
Despite the similar post-cumulus histories in which hornblende, orthopyroxene, and 
phlogopite were produced by late reactions, plagioclase cores of sample Hx14b show 
numerous oscillatory zones and dissolution surfaces whereas those of sample Hx14n do 
not. This implies that plagioclases from the two samples may have resided in different 
magmatic environments prior to being fixed in the cumulus framework. Specifically, it 
would appear that the numerous oscillatory zones and dissolution surfaces observed in 
plagioclases of sample Hx14b are characteristic of plagioclase phenocrysts of the interior 
of a convecting magma chamber (Singer et al., 1995; Hattory & Sato, 1996), whereas the 
featureless plagioclases of sample Hx14n have been interpreted as evidence of 
crystallization in a more static environment, such as the partially crystallized zone of a 
magma chamber (e.g., Brophy et al., 1996). We envision a scenario where plagioclase 
crystals of sample Hx14b were phenocrysts from the interior of a convecting magma 
chamber which became captured by its crystallizing margin (sample Hx14n). Such a 
process has been previously proposed by Loomis & Welber (1982) and by Kuritani (1998) 
to explain the zoning profiles of plagioclase from plutonic and volcanic environments. 
 
Figure 2. NDIC images and anorthite mol % profiles of plagioclase. Distance in 
micrometers is from the margin. A. Sample Hx14n. Plagioclase (Pl2n) consists of an 
euhedral normally zoned core with scarce oscillatory zones and dissolution surfaces. An 
almost featureless rim mantles the core. Cores and rims are separated by a composition 
gap of ~ 35 mol % An that occurs in ~ 15 µm. The electron microprobe traverse is 
marked by the small rounded pits, whereas as the larger pits are the ion microprobe 
analyses. B. Sample Hx14n. Plagioclase (Pl4n) is four times smaller than the previous 
crystal but it shows nearly identical textural and compositional features. C. Sample 
Hx14n. Plagioclase consisting of an absolutely euhedral sector zoned core of virtually 
constant anorthite composition. Dissolution surfaces and oscillatory zones are only 
present right before the rim. The rim is normally zoned and lacks dissolution surfaces or 
oscillatory zones. D. Sample Hx14n. Plagioclase included in hornblende is normally 
zoned from An83 in the center to An50 in the margin. Oscillatory zones or dissolution 
surfaces are only present in the crystal margin where plagioclase composition changes 
abruptly (~ 50 µm). E. Sample Hx14b. Plagioclase included in hornblende. Note the 
numerous oscillatory zones and the complex core is very different from the plagioclase 
crystal of sample Hx14n (Fig.2D). Black thick line marks the position of the electron 
microprobe traverse. F. Sample Hx14b. Normally zoned plagioclase in contact with 
interstitial glass. Note the extreme change in anorthite compositions at the last 50 µm. 
The complex zoning texture with numerous oscillatory zones and dissolution surfaces is 
very different from plagioclases of sample Hx14n. Black thick line marks the position 




Figure 3. Histogram of plagioclase compositions (total of 42 crystals). Plagioclases not 
included in Opx, Hbl or Phl (a and b) show a large compositional spectra. The bimodal 
plagioclase composition distribution of sample Hx14n (b) is due to the compositional 
gap between cores and rims. Plagioclases included in Opx, Hbl and Phl (c and d) 
display narrower compositional spectra. 
 
6. TRACE ELEMENT ZONING OF PLAGIOCLASE 
Cores to rim ion microprobe traverses were performed on nine representative 
plagioclase crystals. These include six plagioclase crystals displaying a large anorthite 
compositional gap (Pl2n, Pl3n, Pl4n, Pl7n, Pl4b, and Pl5b), and three plagioclase crystals 
included in hornblende of sample Hx14n (Pl6n, Pl1n and Pl5n). In total, 90 ion microprobe 
analyses were performed and the following elements were measured: Ca, Mg, Fe, Ti, K, 
Rb, Sr, Ba, La, Ce, Y, and Li (Table 2). Trace element compositions of plagioclase rims 
were determined only in plagioclases of sample Hx14n, as plagioclase rims in sample 
Hx14b are too narrow. Comparison between electron microprobe and ion microprobe 
concentrations of K, Ba, and Mg agreed within less than 10% (see Appendix I). The 2-s 
relative precision of all elements discussed is better than 5%, except for La, Ce, and Li in 
plagioclase cores (10-15%), and for all Rb (25-33%), and Y (24%) analyses. Analytical 
details of the ion microprobe analyses are presented in Appendix I. 
 
Table 2. Anorthite mol% and trace element composition of plagioclase
An Mg Fe Ti K Rb Sr Ba La Ce Y Li X*
Sample Hx14n
Pl1n
14n1-1 82 319 4220 127 304 0.4 725 24 0.5 0.8 0.10 3.7 68
14n1-2 81 336 4154 148 342 0.4 774 32 0.7 1.2 0.12 4.4 30
Pl2n
14n2-1 80 579 3536 173 440 0.5 800 31 0.7 1.2 0.12 0.84 868
14n2-2 79 579 3092 182 536 0.6 796 31 0.7 1.2 0.14 0.78 836
14n2-3 78 572 3250 182 409 0.5 807 33 0.8 1.4 0.17 0.78 814
14n2-4 79 564 3481 187 462 0.4 849 36 0.9 1.6 0.16 0.77 777
14n2-5 78 536 3224 197 415 0.5 842 36 0.9 1.6 0.16 0.88 737
14n2-6 78 405 3250 204 379 0.5 888 40 1.0 1.8 0.15 0.88 710
14n2-7 80 317 3437 190 309 0.4 921 38 1.3 2.4 0.17 1.05 619
14n2-8 81 272 3279 187 287 0.4 939 41 1.4 2.6 0.18 1.50 583
14n2-9 75 266 3197 235 331 0.6 994 44 1.5 2.6 0.20 1.55 529
14n2-10 74 175 1526 169 596 0.4 1407 83 3.7 5.3 0.17 1.40 506
14n2-11 40 169 1513 27 1497 0.6 2136 212 10.4 12.1 0.13 0.86 484
14n2-12 39 156 1473 20 1801 0.5 1945 181 10.4 11.7 0.10 0.78 465
14n2-13 39 146 1307 20 1432 0.5 1910 176 9.8 11.7 0.09 0.95 434
14n2-14 36 137 1251 16 1680 0.5 1495 150 10.9 11.9 0.06 0.73 380
14n2-15 31 134 1230 20 1979 0.5 1015 125 11.2 12.1 0.05 0.58 345
14n2-16 32 141 1312 25 2597 0.6 833 99 12.5 13.3 0.05 0.44 307
14n2-17 35 150 1291 19 1654 0.6 1759 188 11.9 12.1 0.07 0.80 285
14n2-18 36 148 1316 19 1602 0.7 1822 176 11.2 12.8 0.06 1.06 249
14n2-19 36 163 1311 22 1536 0.6 1796 181 10.9 12.6 0.09 1.34 226
14n2-20 34 124 1217 14 1719 0.6 1470 146 10.8 12.5 0.05 0.65 195
14n2-21 33 144 1289 24 3448 0.6 1092 124 12.5 12.8 0.07 0.61 181
14n2-22 40 150 1186 52 1693 0.5 1118 135 10.1 10.6 0.07 0.57 95
14n2-23 38 132 1095 53 2057 0.6 952 137 9.5 10.1 0.08 0.63 50
14n2-24 40 156 1291 53 2015 0.4 1122 143 10.3 11.2 0.08 0.61 18
Pl3n
14n3-1 83 325 3250 202 286 0.5 936 40 1.4 2.2 0.16 0.36 114
14n3-2 77 335 3303 235 335 0.7 999 43 1.4 2.5 0.25 0.37 84
14n3-3 71 275 2697 172 414 0.5 1269 61 2.6 4.2 0.19 0.36 42
14n3-4 42 261 2211 82 813 0.5 1947 157 5.7 7.9 0.13 0.30 12
Pl4n
14n4-1 79 208 4529 157 293 0.5 787 34 0.8 1.3 0.12 0.26 192
14n4-2 75 182 3690 235 359 0.4 990 45 1.4 2.6 0.24 0.61 139
14n4-3 45 144 1594 44 1168 0.4 2004 172 7.9 9.9 0.15 0.78 98
14n4-4 35 140 1587 23 1654 0.3 2137 191 10.2 11.5 0.13 1.02 57
14n4-5 37 122 1310 26 2374 0.4 1156 132 11.4 11.2 0.06 1.16 25
14n4-6 39 149 1224 47 1933 0.3 1075 138 9.8 10.8 0.09 1.07 8
An: anorthite mol %. Concentrations in ppm. * Distance from the plagioclase margin in micrometers.
 
Table 2 (cont.). Anorthite mol% and trace element composition of plagioclase
An Mg Fe Ti K Rb Sr Ba La Ce Y Li X*
Pl5n
14n5-1 69 135 1606 96 508 0.5 1369 80 3.4 4.6 0.18 0.76 130
14n5-2 69 139 1721 98 471 0.4 1383 80 3.1 4.4 0.17 0.82 105
14n5-3 62 148 1765 89 586 0.3 1529 96 3.6 5.2 0.14 0.93 80
14n5-4 60 174 1829 82 732 0.4 1696 120 4.8 6.6 0.19 1.13 33
14n5-5 52 169 1382 77 1004 0.4 1448 128 6.4 8.1 0.14 1.44 16
Pl6n
14n6-2 85 196 4233 117 218 0.4 730 27 0.6 1.0 0.10 1.14 -
Pl7n
14n7-1 82 528 3343 133 298 0.5 701 27 0.48 0.9 0.11 2.34 587
14n7-2 82 604 3118 130 281 0.4 689 27 0.55 0.7 0.06 2.42 563
14n7-3 81 623 3138 133 311 0.5 699 27 0.48 0.8 0.10 2.42 548
14n7-4 82 639 3085 131 313 0.5 698 28 0.58 0.9 0.10 2.47 514
14n7-5 82 663 3522 134 392 0.5 728 32 0.59 1.0 0.10 2.06 499
14n7-6 82 622 2923 136 319 0.5 688 26 0.51 0.8 0.09 2.51 484
14n7-7 81 666 3183 144 354 0.5 691 28 0.55 0.9 0.10 2.48 454
14n7-8 80 642 3145 162 403 0.5 747 34 0.70 1.2 0.10 2.40 424
14n7-9 79 588 3204 175 387 0.6 785 31 0.68 1.3 0.12 2.44 404
14n7-10 78 482 3152 208 408 0.4 863 37 1.05 1.6 0.19 2.66 359
14n7-11 77 376 3436 209 414 0.4 956 42 1.44 2.3 0.17 3.11 344
14n7-12 78 243 1750 162 531 0.5 1277 72 2.62 4.1 0.16 2.44 313
14n7-13 42 173 1329 20 1471 0.6 2048 185 9.5 11.2 0.09 3.80 237
14n7-14 39 143 1283 18 1563 0.7 1771 171 10.9 12.5 0.06 1.03 203
14n7-15 39 142 1292 16 1654 0.4 1759 164 9.9 11.7 0.09 4.18 183
14n7-16 39 140 1447 16 1814 0.4 1853 180 11.0 12.5 0.07 4.42 173
14n7-17 37 137 1242 15 1510 0.6 1734 171 10.9 12.1 0.06 4.15 124
14n7-18 36 124 1225 14 1576 0.6 1671 169 10.8 12.4 0.07 3.69 89
14n7-19 36 121 1406 14 2177 0.4 1702 178 12.3 13.4 0.06 3.30 54
14n7-20 35 127 1166 15 1771 0.6 1570 167 10.9 12.7 0.08 3.27 10
Sample Hx14b
Pl4b
14b4-1 81 410 3858 151 503 0.7 991 50 1.5 2.4 0.16 2.44 624
14b4-2 82 393 3841 150 523 0.7 967 48 1.4 2.4 0.13 2.84 565
14b4-3 80 438 3855 170 662 0.6 951 53 1.3 2.4 0.15 3.73 531
14b4-4 80 396 3989 150 512 0.6 1002 50 1.8 2.5 0.18 2.95 488
14b4-5 68 555 3765 223 875 0.7 974 63 1.5 2.4 0.17 6.02 445
14b4-6 75 622 3567 189 736 0.6 884 57 1.4 2.2 0.13 4.78 405
14b4-7 77 633 3381 156 562 0.7 791 39 1.0 1.6 0.16 2.21 363
14b4-8 80 667 3556 157 528 0.7 797 38 0.9 1.5 0.13 1.47 291
14b4-9 84 545 3426 139 399 0.5 897 34 0.8 1.5 0.13 1.11 245
14b4-10 83 529 3645 137 390 0.6 911 35 0.9 1.6 0.13 1.07 208
14b4-11 81 517 3884 158 419 0.7 921 39 1.1 1.7 0.15 1.19 173
14b4-12 78 421 3520 169 354 0.4 997 45 1.3 2.1 0.14 1.40 128
14b4-13 76 388 3425 198 388 0.5 1030 47 1.5 2.5 0.11 1.70 99
14b4-14 63 314 2495 136 713 0.3 1696 107 4.9 7.2 0.20 2.52 77
14b4-15 54 211 1593 112 1062 0.4 2087 188 8.8 12.0 0.19 3.35 51
14b4-16 51 192 1553 95 1459 0.4 2111 217 10.6 13.8 0.16 4.03 36
Pl5b
14b5-1 83 449 3474 130 514 0.5 824 39 1.2 2.1 0.27 0.88 296
14b5-2 85 476 3553 120 432 0.5 759 32 0.8 1.3 0.12 0.82 270
14b5-3 85 473 3408 112 477 0.5 729 29 0.7 1.3 0.15 0.77 249
14b5-4 84 546 3645 136 531 0.7 784 37 0.9 1.5 0.16 0.76 223
14b5-5 83 437 3447 116 574 0.4 817 33 0.9 1.2 0.14 0.84 203
14b5-6 82 455 3566 131 397 0.2 859 35 1.0 1.4 0.11 0.82 182
14b5-7 80 426 3737 136 404 0.5 902 36 0.8 1.3 0.11 1.03 161
14b5-8 82 405 3842 137 389 0.6 898 36 1.0 1.5 0.14 1.17 130
14b5-9 77 414 3803 164 462 0.4 966 53 1.3 2.0 0.14 1.28 109
14b5-10 77 371 3461 183 544 0.5 1080 54 1.5 2.6 0.16 1.47 78
14b5-11 61 254 2039 125 1171 0.8 1872 145 6.0 9.4 0.32 1.52 53
14b5-12 56 204 1724 119 1706 0.6 2224 224 11.1 14.1 0.25 2.38 36
An: anorthite mol %. Concentrations in ppm. * Distance from the plagioclase margin in micrometers.
 
6.1. Plagioclase cores (An86 to An70) 
Concentrations of Fe, Ti, Sr, Ba, K, Rb, La, Ce, and Y in plagioclase cores are 
comparable among the two samples and among different crystals, whereas Mg and Li are 
highly variable. Concentrations of Ti, Sr, Ba, La, Ce, and Li tend to increase towards the 
margins of cores (Figs. 4 and 5). Iron concentrations stay more or less constant, whereas K 
increases in some crystals (Pl4n, Pl7n and Pl4b) and decreases in others (Pl2n and Pl5b). 
The Mg concentration always decreases. The concentration profiles of Rb and Y (not 
shown) do not display well-defined enrichment or depletion trends, probably due to the 
large analytical errors (25-30%). The increasing Ti, Sr, Ba, K, La, and Ce concentrations 
coupled with decreasing Mg (although see Discussion) can be explained by the 
crystallization of a mineral assemblage consisting of olivine, clinopyroxene, and anorthitic 
plagioclase (An85-70) from a basaltic magma. The concentrations of Mg, Ti, Sr, Ba, and K 
of plagioclase cores are similar to those measured for the anorthite-rich xenocrysts (An82-
76) in the host dacite (Fig. 6), which were also inferred to have crystallized from basaltic 
magmas (Singer et al., 1995). 
 
6.2. Transition zones between cores and rims (An70 to An45) 
Large and abrupt changes in Fe, Ti, Sr, Ba, K, La, Ce, and Y concentrations occur at the 
boundaries between cores and rims, and mimic abrupt changes in major elements. Rims 
have higher concentrations of Sr, Ba, K, La, Ce and lower concentrations of Fe, Ti, and Y 
than cores (Figs. 4 and 5). Enrichment factors between rims (or transition zone) and cores 
are 1.5-2.1 for Sr, 2.5-4.8 for Ba, 2-4.5 for K, 2.2-7.3 for La, and 1.9-5.5 for Ce, and 
depletion factors are 1.2-2.6 for Fe, and 1.5-10.6 for Ti. The Li and Rb concentrations do 
not change significantly between cores and rims. It is worth noting that the Mg, Ti, Sr, Ba, 
and K concentrations in the plagioclase phenocrysts (An64-46; Singer et al., 1995) of the 
host dacite lava are between those of plagioclase cores and rims, and partly overlap with 
compositions of the transition zone (Fig. 6). This suggests that plagioclase with 
compositions transitional between cores and rims crystallized from melts of a composition 
comparable to that of the host dacite. The large Ti and Fe concentration differences 
between cores and rims might reflect concomitant crystallization of hornblende and 
orthopyroxene, as no Fe-Ti oxides are present in the xenoliths. 
 
6.3. Plagioclase rims (<An45) 
The Mg, Fe, Ti, La, and Ce concentrations of plagioclase rims remain more or less 
constant from the inner to outer rim of all crystals (Fig. 4). The concentration profiles of 
Sr, Ba, and K are more complex. Plagioclase crystal Pl2n shows two Ba and Sr 
concentrations lows associated with two K concentration peaks, which in turn are related to 
small (<10 mol %) anorthite shifts. In general, however, Sr and Ba concentrations tend to 
decrease towards the outer part of the rim, whereas K concentrations increase. The 
decreasing rim-ward Sr and Ba concentrations can be explained, to a first approximation, 
by crystallization of a mineral assemblage consisting of low anorthite plagioclase (e.g., 





Figure 4. Anorthite mol % and trace element profiles of selected plagioclase crystals of 
sample Hx14n. Gray band indicates the plagioclase composition of the transition zone. 




Figure 5. Anorthite mol % and trace element profiles of two plagioclase crystals of sample 
Hx14b. Gray band indicates the plagioclase composition of the transition zone. The size 
of the symbol is similar to or larger than the 2-s precision of all elements. 
The higher K content of the plagioclase rims compared to the plagioclase phenocrysts of 
the host dacite suggests that plagioclase rims crystallized from more evolved melts than the 





Figure 6. Variation diagrams of trace element composition of plagioclase. Also shown are 
the compositions of the plagioclase phenocryst and xenocryst of the dacite lava in which 
the xenoliths were found (excluding four outermost rim analyses of the plagioclase 
phenocryst, see Singer et al., 1995). The size of the symbol is similar to or larger than 
the 2-s precision of all elements. See text for discussion. 
7. DISCUSSION 
7.1. Origin of the plagioclase compositional gap 
The An mol % of plagioclase depends not only on magma composition but also on its 
temperature, pressure, and water content (e.g., Yoder, 1969; Housh & Luhr, 1991; Nelson 
& Montana, 1992; Sisson & Grove, 1993). Specifically, significant changes in the water 
pressure can induce shifts in the plagioclase of up to 20 An mol % (e.g., Panjasawatwong 
et al., 1995). However, the coupled major and trace element variations displayed by the 
plagioclases in these xenoliths suggest that the large anorthite shift is mainly due to an 
abrupt change in the composition of the melt rather than to changes in the water content. 
A mechanism capable of producing large and rapid compositional changes in calc-
alkaline magmas was proposed by Grove & Donnelly-Nolan (1986) in a study of silicic 
lavas, andesite inclusions and gabbroic xenoliths of Medicine Lake Volcano. Specifically, 
they suggested that closed-system peritectic reactions that involve liquid, olivine and 
clinopyroxene as reactants, and orthopyroxene and hornblende as products could lead to 
large compositional changes in the melt. Due to the shallow slope in temperature-
composition diagrams of such reactions, sudden increases in the crystallinity of the magma 
and large changes in the liquid composition can occur over small temperature intervals 
(Grove & Donnelly-Nolan, 1986). As the San Pedro xenoliths display the same reactions 
involving hornblende and orthopyroxene (but also phlogopite) to the Medicine Lake 
gabbroic xenoliths, it seems plausible that a brusque and large amount of hornblende 
crystallization could produce rapid and major compositional changes in the liquid 
(particularly lowering the Ca/Na). However, Brophy et al. (1996) investigated plagioclase 
zoning patterns in several Medicine Lake gabbroic xenoliths and found smooth, monotonic 
trends of decreasing An mol % (An74-30) instead of the abrupt zoning patterns that would 
be expected from a sudden crystallization of hornblende and orthopyroxene. The 
plagioclase trace element traverses also display smooth zoning profiles, with the onset of 
hornblende and orthopyroxene (and Fe-Ti oxides) crystallization being marked by a 
change in the slope of the Fe and Ti plagioclase concentrations rather than by an abrupt 
change. Brophy et al. (1996) interpreted these profiles as a record of progressive closed-
system crystallization from andesitic to rhyolitic compositions. We take this as evidence 
that simple, closed-system crystallization involving orthopyroxene and hornblende does 
not explain the extreme and abrupt plagioclase zoning present in the San Pedro xenoliths, 
and hence another interpretation is required. 
In Chapter II, we suggested that the mafic intercumulus liquid in equilibrium with 
olivine, clinopyroxene, Cr-spinel, and plagioclase cores, was displaced through porous 
flow by a dacitic liquid that reacted with the mafic cumulus minerals to produce post-
cumulus orthopyroxene, hornblende, and phlogopite. In such a scenario, the abrupt and 
large compositional gap displayed by the plagioclase can be explained by: (1) the much 
lower Ca/Na values of the dacitic liquid compared to the displaced mafic liquid, and (2) the 
crystallization of hornblende which further decreased the Ca/Na values of the interstitial 
melt from which plagioclase rims crystallized. The abrupt major element shift from cores 
to rims, and the minimal occurrence of plagioclase of intermediate compositions (e.g., 
An60), support the idea that melt displacement occurred as a wave or a pulse without 
significant mixing between the two melts, consistent with their presumably large viscosity 
difference. 
The trace element concentration differences between cores and rims provide additional 
support for the melt migration event. Enrichment factors between cores and rims range 
from 2.2 for K, to 7.3 for La, and depletion factors are as large as 10.6 for Ti (Fig. 6). Such 
large compositional changes are difficult to reconcile with closed-system evolution. To 
further investigate the proposed crystallization sequence and the origin of the plagioclase 
compositional gap, in the following section we have calculated the liquids in equilibrium 
with the plagioclase composition.  
 
 
7.2. Some considerations prior to reconstruction the liquid composition in 
equilibrium with plagioclase 
Using the melt composition in equilibrium with plagioclase to model magmatic 
processes has been successfully applied by several authors to trace magmatic processes 
(Blundy & Shimizu, 1991; Singer et al., 1995; Brophy et al., 1996; Papike et al., 1997; 
Bindeman et al., 1999). Nevertheless, the validity of such approach relies on several 
assumptions: (1) diffusion has not modified the plagioclase composition after it 
crystallized, (2) appropriate plagioclase-melt partition coefficients are available, and (3) 
plagioclase crystallized under local equilibrium conditions. The first two assumptions are 
discussed below. The third can only be addressed by calculating the equilibrium melts. 
 
Diffusion in plagioclase 
Several observations suggest that Mg diffusion has occurred in some plagioclase 
crystals. First, Mg is the only element that does not show an abrupt concentration change 
between cores and rims (Figs. 4 and 5). This is neither consistent with the melt migration 
hypothesis nor with a sudden and large amount of crystallization. We interpret this as 
evidence that Mg exchange between plagioclase cores and rims has occurred by diffusion 
within the plagioclase. Second, the fact that small plagioclase crystals (< 200 µm) with 
high anorthite contents (e.g., Pl3n and Pl4n) have maximum Mg concentrations that are 
much lower than those of large crystals (e.g., Pl2n and Pl7n) could also be explained by 
Mg diffusion within the plagioclase or between plagioclase and melt.  
That the plagioclase Mg concentration might have been affected by diffusion is 
supported by the recent work of LaTourrette & Wasserburg (1998), who found that the rate 
of Mg self-diffusion in anorthite is very high. In fact, Mg diffusion in anorthite is as fast as 
Mg diffusion in forsteritic olivine (Chakraborty, 1997), for which evidence of 
reequilibration is well documented in the literature (e.g., Lambert & Simmons, 1987). The 
rest of the analyzed elements vary in a stepwise pattern across the plagioclase 
compositional gap, in accord with much lower diffusion rate estimates for these elements. 
For example, at 900oC, the diffusion coefficient of Mg (dMg) in anorthite is 3.5-5* 10-19 
m2/s, which (for the same temperature) is approximately two orders of magnitude larger 
than dSr in anorthite (Giletti & Casserly, 1994), almost three orders of magnitude larger 
than the diffusion coefficient of the rare earth elements (e.g., Nd; Giletti, 1997), and almost 
three orders of magnitude larger than the NaSi-CaAl interdiffusion (in water-bearing 
systems, Liu & Yund, 1992). In contrast, Li has a diffusion coefficient five to ten orders of 
magnitude larger than any other analyzed element (Giletti & Shanahan, 1997). 
Accordingly, we take the analyzed Mg concentration in the core as the minimum 
concentration, whereas the rest of the elements (except Li) have probably not been affected 
by diffusion, and thus can be used to constrain magmatic processes. 
 
Plagioclase-melt partition coefficients 
Plagioclase-melt partition coefficients exist for numerous elements and for a broad 
range of plagioclase and melt compositions (see compilations by Blundy & Wood, 1991, 
Green, 1994; Bindeman et al., 1998; R. Nielsen at http://www-ep.es.llnl.gov/germ/ 
partitioning.html). Nonetheless, the partition coefficient values for any particular element 
may vary widely among different data sources, even for comparable plagioclase and melt 
compositions. Recently, Blundy & Wood (1991 and 1994) and Bindeman et al. (1998) 
have developed empirical equations that relate the partition coefficient to plagioclase 
composition and temperature, which given the large compositional ranges of the studied 
plagioclases seem the most pertinent to use. For Sr and Ba we used the equations of 
Blundy & Wood (1991; equations #18 and #19), and for Mg, Ti, Fe, K, La, and Ce we used 
the equations of Bindeman et al., (1998; their Table 4, at natural concentration levels). The 
expressions that relate the partition coefficient with the plagioclase composition and 
temperature take the form: 
 
RT lnD= a XAn + b                   (1) 
 
where R is the gas constant, T is temperature, D is the partition coefficient, XAn is the 
anorthite mol fraction, and a and b are the regressed parameters that vary for every 
element. We have estimated the error associated with the partition coefficients determined 
by using equation (1) by error propagation (assuming independent errors; Taylor, 1982) of 
the uncertainties in the regressed parameters. We did not take into account the error in An 
mol % determination from the electron microprobe analyses, the error of the ion 
microprobe analyses, or the uncertainties in the temperature estimations (the derived 
equation can be found in Appendix II). At temperatures between 950oC and 1150oC and 
plagioclase compositions between An80 and An40, the 2-s relative errors of the partition 
coefficients vary from 14% to 20% for Sr, Mg, and K, and from 22% to 52% for Ti, Fe, 
Ba, La, and Ce. 
In general, partition coefficients determined with equation (1) are not highly 
temperature dependent. Changing the temperature by 100oC varies the partition coefficient 
by less than 10% for most elements, except for Sr that varies by 15%.  
Temperatures of 1150oC and 950oC have been estimated, respectively, for the basaltic and 
dacitic magmas of Volcán San Pedro (Singer et al., 1995). Accordingly, we have used a 
temperature of 1150oC to calculate the melts in equilibrium with plagioclase cores, 950oC 
for the rims, and 1050oC for the transition zone compositions. 
 
7.3. Composition of the calculated melts 
In general, calculated melts in equilibrium with plagioclase show progressive 
compositional variations from the inner to outer cores and from the inner to rims (not 
shown). This means that the geochemical trends displayed by the calculated melts in 
variation diagrams can be roughly interpreted as reflecting the successive compositional 
changes that occurred in the liquid. The compositional variations of the calculated 
concentrations of MgO, TiO2, K2O, Sr, Ba, and La of both samples are displayed in 
Figures 7 and 8, together with the composition of the basaltic to dacitic San Pedro lavas, 
and the calculated melts in equilibrium with hornblende (partition coefficients for dacitic 
melts of Sisson, 1994). Melts in equilibrium with plagioclase from both samples show the 
same compositional trends, although those displayed by sample Hx14b (Fig. 8) are 
somewhat more scattered than those of sample Hx14n (Fig. 7).  
The trends displayed by the calculated melts in equilibrium with plagioclase show the 
same events that have been discussed up to now: 
(1) melts in equilibrium with plagioclase cores display increasing concentrations of 
TiO2, Sr, Ba, K2O, La, and Ce with decreasing MgO contents and mimic the trends 
displayed by the basaltic to basaltic andesitic lavas, which is consistent with the 
crystallization of olivine+clinopyroxene+anorthitic plagioclase (Figs. 7 and 8). The 
calculated TiO2 concentrations also increase with Sr concentrations, although it is not clear 
why the trends are different from those displayed by the basaltic to basaltic andesitic lavas. 
(2) melts in equilibrium with the core-rim transition zones display dramatic variations, 
comparable to the range of basaltic to andesitic lava whole-rock compositions. 
(3) melts in equilibrium with plagioclase rims have lower TiO2, FeO* (not shown) and 
Sr, and higher K, Ba, and La than melts in equilibrium with plagioclase cores. Such 
compositional differences can be explained primarily by the crystallization of hornblende 
(± orthopyroxene and phlogopite). The calculated melts in equilibrium with hornblende 
show TiO2, Sr, La, and Ce concentrations that range from those of the basaltic andesitic to 
dacitic lavas, and further support the hypothesis that hornblende crystallization began just 
prior to crystallization of the plagioclase rims. Ideally, one could use the calculated melts 
to perform quantitative modeling and determine if the abrupt compositional changes 
between cores and rims are due to closed system crystallization of 
hornblende+orthopyroxene +phlogopite, or if these minerals crystallized after the melt 
migration and reaction hypothesis discussed above. Unfortunately, the uncertainties in the 




Figure 7. Variation diagrams of calculated compositions of the melts in equilibrium with 
plagioclase of sample Hx14n. Also shown are the calculated compositions of the melts 
in equilibrium with Hbl and the composition of the interstitial glass. The dashed line 
and arrow indicate the inferred differentiation trend of Volcán San Pedro lavas. The 2-s 
precision of the calculated melts is shown by horizontal and vertical bars for two points 





Figure 8. Variation diagrams of calculated compositions of the melts in equilibrium with 
plagioclase of sample Hx14b. Also shown are the calculated compositions of the melts 
in equilibrium with hornblende and the composition of the interstitial glass. The 2-s 
precision of the calculated melts is shown by horizontal and vertical bars for two points 
in each variation diagram. The dashed line and arrow indicate the inferred 
differentiation trend of Volcán San Pedro lavas. See text for discussion. 
 
(4) melts in equilibrium with plagioclase rims display decreasing Sr and Ba 
concentrations and increasing K/Ba and K2O concentrations, whereas TiO2, MgO, La, and 
Ce abundances remain more or less constant (Figs. 7 and 8). These trends are not displayed 
by the San Pedro lavas, suggesting that rims have recorded the evolution from dacitic to 
rhyolitic liquid compositions through crystallization of a mineral assemblage dominated by 
phlogopite and anorthite-poor plagioclase (e.g., <An40). The fact that La and Ce 
concentrations remain more or less constant could be explained by the crystallization of 
apatite (present in the glass) or by the high partition coefficients for La and Ce that have 
been reported for some biotites and may also apply to phlogopite (e.g., Mahood & 
Hildreth, 1983; Nash & Crecraft, 1985). 
Although melts in equilibrium with plagioclase rims display trends in accord with a 
fractionation from dacitic to rhyolitic melt, the absolute calculated concentrations are 
unlike those of the interstitial rhyolitic glass and unlike those of natural magmas found at 
the TSPC. To further illustrate this (Fig. 9) we have compared the calculated compositions 
with the dacitic to rhyolitic compositions of TSPC lavas and of two Miocene granitoid 
plutons from the basement of the TSPC (Nelson et al., 1999). The calculated melts in 
equilibrium with plagioclase rims show similar differentiation trends to those of the 
plutons but the absolute calculated concentrations of Ba and K2O are shifted by about 50 % 
towards lower concentrations. The calculated La and Ce concentrations are shifted by a 
similar amount but towards higher values (not shown). Analytical problems with the ion 
microprobe trace element analyses of plagioclase can be discarded (Appendix I). Thus, the 
discrepancy between the calculated compositions and those of natural liquids at the TSPC 
has to be due to other factors. We will consider the following: 
1) protracted closed-system crystallization may have led to individual pockets of melt 
that evolved independently. If this were the case, the composition recorded by every 
plagioclase crystal should be different and would reflect the composition of the local 
environment. The relatively minor differences between the major and trace element zoning 
profiles of plagioclase crystals Pl2n and Pl7n argues against the existence of pockets of 
melt that evolved in vastly different ways.  
2) crystallization kinetics may result in partitioning relations quite different from the 
equilibrium case if the rate of crystal growth is much faster than chemical diffusion in the 
melt. Fast crystal growth results in apparent partition coefficients that are higher than 
equilibrium values for elements with D<<1, and lower than equilibrium values for 
elements with D>>1 (see equation 5 of Smith et al., 1955). The low La and Ce diffusivities 
in silicate melts (e.g., Brady, 1995) together with their small plagioclase-melt partition 
coefficients (DLa = 0.19 and DCe = 0.15, at 950oC and An40; Bindeman et al., 1998), would 
suggest that their high calculated concentrations can be explained at least in part by high 
plagioclase growth rates. If this were the case, similar effects should be observed in the 
behavior of K2O, as DK (0.13; at 950oC and An40; Bindeman et al., 1998) is smaller than 
DLa and DCe. As the calculated K2O concentrations are low when compared to dacitic and 
rhyolitic compositions, high plagioclase growth rates seems not to be the explanation for 








Figure 9. Variation diagrams of calculated compositions of the melts in equilibrium with 
plagioclase of both samples. The compositions of dacitic to rhyolitic lavas and plutons 
(triangles) of the TSPC display an inferred differentiation trend indicated by the dashed 
line and arrow. Squares are the calculated composition in equilibrium with plagioclase 
phenocrysts of the host dacite lava; the other symbols are the same as in Figs. 7 and 8. 




3) the partition coefficients derived from the empirical equations of Blundy & Wood 
(1991) and Bindeman et al. (1998) might not be appropriate for the evolved melt and 
plagioclase compositions considered here. To evaluate this we have plotted the calculated 
liquid compositions in equilibrium with the plagioclase phenocrysts of the host dacite lava 
(Fig. 9). The calculated concentrations of Ba and Sr in equilibrium with the dacite 
plagioclase phenocryst are comparable to those of the bulk-rock dacites of San Pedro, 
whereas the calculated K2O concentration is ~ 50 % lower. This would suggest that DSr 
and DBa are appropriate for plagioclase-melt compositions studied here, whereas DK is not. 
The DK (0.13 ± 0.02) should be about 50 % smaller, and DLa (0.19 ± 0.08) and DCe (0.15 ± 
0.04) should be about 50 % larger for the composition of the calculated melts in 
equilibrium with plagioclase rims to lie between those of the San Pedro dacite and the 
rhyolitic glass. Such partition coefficients have been reported in the literature, and it is 
apparent from the compilations of plagioclase-melt partition coefficients of Bindeman et 
al. (1998) that at ~ An40, estimates of DK vary from 0.08 to 0.24, DLa from 0.24 to 0.5, and 
DCe 0.22 to 0.3. Thus, the discrepancy between the calculated compositions in equilibrium 
with plagioclase rims and those of dacitic to rhyolitic natural liquids (including xenoliths 
interstitial glass) found in TSPC could be partly explained if the partition coefficients of 
Bindeman et al. (1998) were not suited for calculating plagioclase-melt partition 
coefficients in water-rich silicic systems. 
4) As the elements that show low calculated concentrations are those that are highly 
compatible in phlogopite (K, Ba, and Rb), it seems plausible that during melt percolation 
through the crystal-network, phlogopite crystallization kept the K, Ba, and Rb 
concentrations low, and once phlogopite crystallization stopped (and melt migration 
continued) the liquids returned to more “usual” compositions. In this scenario, the 
composition of the interstitial glass would not be the product of protracted crystallization 
but would represent the composition comparable to that of the migrating liquid. 
 
8. CONCLUSION 
Textural, major and trace element zoning of plagioclase combined with the 
compositions of interstitial glasses of a suite of gabbroic xenoliths has provided a unique 
tool to trace the complex and protracted crystallization histories that may occur in partially 
crystallized zones of magma chambers. The compositions and trends displayed by the 
calculated melts in equilibrium with plagioclase indicate that after an early episode of 
differentiation from basaltic to basaltic andesitic liquids, the interstitial melt changed 
abruptly to dacitic compositions. This can be best explained by melt migration through a 
largely crystalline framework. The mafic interstitial liquid was displaced by a dacitic melt 
that reacted with the pre-existing cumulus minerals (olivine, clinopyroxene and Cr-spinel), 
and formed orthopyroxene, hornblende, and phlogopite. During and after this event, the 
interstitial melt evolved to rhyolitic compositions. However, minor and trace element 
compositions in liquids calculated from evolved plagioclase (e.g., < An40) are unlike those 
in the interstitial rhyolitic glass of the xenoliths or unlike dacitic to rhyolitic magmas found 
at the TSPC. This could be due to the complex nature of the melt migration and reaction 
processes that may occur in partially crystallized zones of magma chambers, or to 
uncertainties in the plagioclase-melt partition coefficients that apply to water-rich silicic 
magmas. 
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11.1. Appendix I. Analytical methods 
Electron microprobe analyses were done on a Cameca SX50 at the University of 
Lausanne, with wavelength dispersive spectrometry. Hornblende, plagioclase and glass 
were analyzed with an accelerating voltage of 15kV and beam currents of 15nA for 
hornblende and plagioclase, and 7 nA for glass. Beam diameter was ~ 2µm for plagioclase 
and hornblende, whereas for glass large areas were rastered when possible (~ 25µm2). 
Ion-microprobe analyses were performed at the University of Edinburgh using a 
Cameca IMS-4f ion microprobe with a O- primary beam of net impact energy of 15 keV 
(10.7 keV primary and 4.5 keV secondary) and an operating current of 5-8 nA. The 
secondary ion accelerating voltage was 4500 keV. Only ions with energies falling between 
55 and 95 eV (75+/-20 eV) were analyzed to reduce molecular ion interferences. Beam 
diameter ranged between 15 to 30 mm. For plagioclase and glass, the following isotopes 
were measured: 7Li, 26Mg, 30Si, 41K, 42Ca, 47Ti, 56Fe, 85Rb, 88Sr, 89Y, 138Ba, 139La, 140Ce, 
plus mass 60 for CaO overlap on Fe, and mass 130.5 to monitor the background. For 
hornblende the following isotopes were measured: 7Li, 30Si, 41K, 47Ti, 85Rb, 88Sr, 89Y, 93Nb, 
138Ba, 139La, 140Ce, 141Pr, 143Nd, 149Sm, 151Eu, 156Gd, 157Gd, 159Tb, 161Dy, 165Ho, 167Er, 
172Yb, plus mass 130.5 to monitor the background, and mass 154 for BaO overlap on Eu. 
Mass 156 is a combination of CeO and minor 156Gd and was used to calculate the overlap 
of the light REE on the heavy REE by assuming that REEO/REE follows CeO/Ce. The 
overlap of Si2 on Fe could not be corrected directly but was calculated using Fe-free 
systems to be equal to 229 ppm on all feldspars (R. Hinton, personal communication). The 
concentrations were obtained by normalization of mass 30Si to the silica values obtained by 
electron microprobe analyses. The SRM-610 glass standard was used as a monitor of day 
to day changes instrumental conditions (the nominal concentrations for SRM 610 are given 
in Hinton, 1990). The ion yields for glass and plagioclase relative to SRM-610 were 
determined using Lake County (LC) plagioclase, an alkali feldspar SHF1 (AF), and 
Corning glass (CG). Corning glass has similar ion yields to feldspars for elements such as 
K, Sr, and Ba and is assumed to give similar ion yields for those elements not available in 
the feldspar standards. The correction factors are as follows: 0.921 for Li (LC), 0.881 for 
Mg (LC), 0.768 for K (LC), 0.788 for Ca (LC), 0.793 for Ti (LC), 0.76 for Fe (CG), 0.768 
for Rb (LC), 0.796 for Sr (LC), 0.796 for Y (LC), 0.773 for Ba (LC), 0.858 for La and Ce 
(AF). No ion-yield corrections were done for hornblende, because the values obtained 
using SRM 610 give good agreement with bulk analyses (R. Hinton, personal 
communication). The 2-s precision for most elements is under 5 % relative. Only La and 
Ce are in some cases slightly above 10 %, and Y and Rb are around 25 %. 
Comparison of the electron and ion-microprobe concentrations of MgO, K2O and BaO 
agree within 10%, whereas FeO* determined by the electron-microprobe is ~ 20% higher 
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11.2. Appendix II. Error of the plagioclase-melt partition coefficients used 
The error associated with the partition coefficients determined by using equations of 
Blundy & Wood (1991) and Bindeman et al. (1998) was derived through error propagation 
(assuming independent errors; Taylor, 1982) of the uncertainties in their regressed 
parameters only. We did not take into account the error in An mol % determination from 
the electron microprobe analyses, the error in the trace element composition of plagioclase 
from ion-microprobe analyses, or the error in the temperature estimations from 
geothermometers. The derived equation is: 
|D| = {{[[XAn exp((a XAn + b )/ RT)]/RT] |a|}^2 + 
{[[exp((a XAn + b )/ RT)]/ RT] |b|}^2}^0.5 
 
Where |D| is the absolute error on the partition coefficient, |a| and |b| are the absolute 









MAGMATIC SODIUM-RICH PHLOGOPITE IN A SUITE OF GABBROIC 
CRUSTAL XENOLITHS FROM VOLCAN SAN PEDRO (36o S, CHILEAN 
ANDES): EVIDENCE FOR A SOLVUS RELATION BETWEEN SODIUM 





We present a textural and compositional study of the first occurrence of magmatic Na-
rich phlogopite (1 to 5 wt % Na2O) in a calc-alkaline (medium-K) magmatic system. 
Phlogopite occurs as a late-crystallizing mineral in two groups of gabbroic crustal 
xenoliths at Volcán San Pedro (36o S, Chilean Andes), in reaction relation with olivine, 
pyroxenes, Cr-spinel, and in some cases plagioclase. The high mg-number, high Cr2O3 
contents and moderate Na2O contents (e.g., 2 wt %) of some phlogopites can be explained 
by open-system processes involving migration of water-rich evolved melts and reaction 
with the pre-existing mafic minerals. However, the extremely high Na/K (up to 2.2) and 
Na2O concentrations (up to 5 wt %) of other phlogopites seem to require reaction with 
liquids of unrealistically high Na/K. Electron microprobe analyses reveal that these 
phlogopites are not homogeneous but consist of fine intergrowths (< 2 µm) of Na-rich and 
Na-poor phlogopite. This is best interpreted in terms of a solvus between sodic and 
potassic phlogopite end-members. The presence of Na-rich phlogopite in two groups of 
gabbroic xenoliths with different ages suggest that it might be a more common mineral 
than has been recognized previously in calc-alkaline systems. 
 
1. INTRODUCTION 
Magmatic Na-rich phlogopite (e.g., Na2O >1wt %) is an unusual mineral. Up to now, it 
has been exclusively recognized as minute mono- or polymineralic inclusions in chromites 
of layered intrusions (Muskox, Irvine, 1975; Bushveld Complex, Morette et al., 1984; 
Stillwater complex, Talkington et al., 1986; Laouni intrusion, Lorand & Cottin, 1987) and 
ophiolite complexes (Hongguleleng ophiolite, Peng et al., 1995; mid-oceanic ridge mafic 
and ultramafic rocks, Arai et al., 1997; Oman ophiolite, Schiano et al., 1997). Na-rich 
phlogopite is commonly present in association with phlogopite, olivine, pyroxene, albite, 
feldspathoids, and Na-rich amphibole (Table 1). The unusual occurrence of sodium 
phlogopite (or aspidolite; Rieder et al., 1998) in these systems has been interpreted as the 
result of mixing between primitive water-poor magmas and aqueous liquids, or as the 
product of reactions between anhydrous minerals (olivine, pyroxenes, and plagioclase) and 
aqueous liquids. 
We document the first occurrence of Na-rich phlogopite (1 to 5 wt % Na2O) in two 
groups of crustal gabbroic xenoliths of the calc-alkaline Volcán San Pedro (36o S, Chilean 
Andes). We propose that open-system processes involving migration of evolved water-rich 
melts and reaction with early-crystallized mafic minerals (olivine, Cr-spinel, and 
pyroxenes) can explain the occurrence of phlogopites with moderate sodium contents (~ 2 
wt %) in the San Pedro xenoliths. The highest Na2O concentrations (up to 5 wt %) and 
Na/K (up to 2.2) of other phlogopites could be explained if there is a solvus between the 
sodic and potassic phlogopite end-members, analogous to the solvus reported for the 




Table 1. Occurrences of magmatic Na-rich phlogopite. 
      




Muskox intrusion chromitite inclusion in Cr-spinel not reported 
Morette et 
al. (1984) 
Critical Zone of 
the Bushveld 
complex 
chromitite  inclusion in Cr-spinel 6.4 
Talkington 










olivine-gabbro  inclusion in Cr-spinel <1-7.2 






inclusion in Cr-spinel <1-6.3 







inclusion in Cr-spinel <1-5.5 
Schiano et 
al. (1997) 
Oman ophiolite chromitite inclusion in Cr-spinel 3.2-6.8 
This work Calc-alkaline 





resorbed Ol and Cr-
spinel 
1-3.5 
This work Calc-alkaline 





resorbed Ol, Opx, Cr-
spinel, and Pl 
1-5 
This work Calc-alkaline 








2. GEOLOGICAL SETTING 
Holocene Volcán San Pedro is the youngest and most prominent volcanic edifice (3621 
m) of the Quaternary Tatara-San Pedro Complex (~ 55 km3; TSPC), which is located on 
the volcanic front of the Southern Volcanic Zone (SVZ) of the Andes, at 36o S, 71o51'W 
(Singer et al., 1997; see Figs. 1 and 2 of Chapter II). The TSPC comprises roughly 1 Ma of 
volcanic activity, consisting mainly of lavas ranging from basalt to rhyolite that define 
medium to high-K calc-alkaline trends (Fig. 6 of Singer et al., 1997). The magmatic 
activity at Volcán San Pedro is divided into a cone-building phase comprising andesitic 
and dacitic lavas, and a younger phase that post-dates the sector collapse of the eastern 
flank of the volcano, which was accompanied by an explosive eruption that produced 
dacitic air-fall deposits (Singer & Dungan, 1992). This was followed by the eruption of a 
sequence of lava flows that apparently records the downward tapping of a strongly zoned 
magma chamber. The eruptive sequence includes: (1) 0.2 km3 of biotite-hornblende dacite 
containing abundant gabbroic xenoliths (up to 45 cm in diameter) and quenched mafic 
inclusions (QMI), (2) 0.5 km3 of two-pyroxene dacite with abundant QMI, and (3) 0.1 km3 
of two-pyroxene andesite with rare QMI. The last volcanic activity consisted of 0.2 km3 of 
basaltic andesitic magma (55-57 wt % SiO2) which rebuilt the summit cone. The fact that 
the xenoliths have been found exclusively in the first lava following sector collapse and the 
ensuing explosive eruption suggests that they are fragments of the conduits or upper parts 
of the margin of the San Pedro magma chamber which were shattered and incorporated 
during the eruption (in a similar fashion to the May 18, 1980 Mount St. Helens eruption; 
Heliker, 1995). 
 
3. TEXTURES OF THE GABBROIC XENOLITHS 
The majority of the samples are clinopyroxene hornblende leuconorites and norites, 
with minor hornblende norites, and olivine norites (classification following Streckeisen, 
1976; Le Maitre, 1989). All samples appear to be free of alteration or secondary 
hydrothermal minerals. On the basis of textural observations and modal abundances, we 
have divided the xenoliths into two main groups: 
-Group I consists of partially crystallized olivine-hornblende norites and melanorites. 
These are characterized by the presence of interstitial residual glass and thus are potentially 
co-magmatic with San Pedro magmas. 
-Group II consists of xenoliths with subsolidus and deformation textures. These have 
been further subdivided into: a) Group IICL are mainly clinopyroxene leuconorites with 
high proportions of plagioclase (> 50 vol. %), low olivine (< 10 vol. %) and variable 
amounts of hornblende (< 40 vol. %), and b) Group IIHN are hornblende norites with high 
modal proportions of poikilitic hornblende (> 30 vol. %), low plagioclase (< 35 vol. %) 
and significant amounts of olivine (> 10 vol. %). 40Ar/39Ar analyses suggest that these 
xenoliths are more than 1 Ma old (Chapter II), and thus they are fragments of the pre-
Quaternary plutonic basement of the volcano. 
 
 
Figure 1. A. Ol-Hbl norite. Na-rich phlogopite surrrounding resorbed olivine (Ol). Note 
euhedral margins of the mica in contact with vesicular interstitial glass. B. Ol-Hbl 
norite. Two Na-rich phlogopite crystals surrounding resorbed Ol. C. Hbl-norite. 
Phlogopite crystal with up to 5 wt % Na2O; note resorbed plagioclase (Pl) and Ol in the 
vicinity. Black square is the area of X-ray map shown in Figure 3. D. Hbl-norite. Na-
rich phlogopite surrounding corroded Pl. E. Cpx-leuconorite. Phlogopite surrounding 
corroded orthopyroxene (Opx) and Pl. F. Cpx-leuconorite. Microfracture filled with 
phlogopite. 
 3.1. Group I. Olivine-hornblende norites. 
The samples consist of Cr-spinel, olivine, minor clinopyroxene, orthopyroxene, 
hornblende, plagioclase, and phlogopite forming a medium grained (1-5 mm) crystal 
network with interstitial vesiculated SiO2-rich (67-72 wt %) glass filling the interstices (0.5 
13 vol. %). Glass is distributed in isolated and occasionally interconnected pockets 
bounded by euhedral crystal faces suggesting that it is residual from crystallization and not 
due to partial melting. Phlogopite makes up to 8 vol. % and is euhedral to subhedral. 
Euhedral phlogopite occurs in the interstitial glass attesting to a magmatic origin and 
indicating that it was among the last minerals to crystallize (Fig. 1). Phlogopite is almost 
invariably present surrounding resorbed olivine and Cr-spinel (Fig. 1), indicating that a 
reaction between these minerals and an evolved water-rich liquid occurred. 
 
 
3.2. Group II. Hornblende norites and clinopyroxene leuconorites with subsolidus 
textures. 
Clinopyroxene leuconorites display seriate, mosaic textures with abundant plagioclase 
(up to 80 vol. %), olivine, minor Cr-spinel, clinopyroxene, hornblende, Fe-Ti oxides and 
phlogopite. Exsolution lamellae in pyroxenes, bent twins in plagioclase, and the presence 
of microfractures record subsolidus cooling and deformation. Phlogopite (up to 15 vol. %) 
occurs as small (< 1 mm) anhedral crystals surrounding resorbed plagioclase, 
orthopyroxene, and Fe-Ti oxides (Fig. 1). Phlogopite also occurs filling discontinuous 
microfractures (< 0.5 mm in width) together with hornblende, orthopyroxene, and Fe-Ti 
oxides (Fig. 1).  
Hornblende norites consist of large anhedral oikocrysts (> 1 cm across) of hornblende 
that enclose resorbed, anhedral olivine, Cr-spinel, clinopyroxene, orthopyroxene, 
plagioclase. Phlogopite makes up to 4 vol. % and is commonly subhedral to anhedral. It 
occurs inside hornblende crystals, surrounding resorbed olivine, Cr-spinel, orthopyroxene, 
and in contrast with the Group I xenoliths, it is also present surrounding resorbed 
plagioclase (Fig. 1). 
 
4. PHLOGOPITE COMPOSITIONS 
Electron microprobe analyses (Cameca SX-50, University of Lausanne) of phlogopite 
and biotite of the host dacite were performed primarily as point analyses, but in some cases 
as core to rim traverses (Table 2). Structural formulae were determined following the 
normalization scheme of Dymek (1983, scheme C) which is based on 7 cations and 22 
negative charges. The distinction between phlogopite and biotite follows Deer et al. 
(1962), where phlogopite has a ratio of magnesium to total iron per formula unit greater 




4.1. Group I xenoliths. Olivine-hornblende norites. 
Phlogopites have mg-numbers (mg-number = 100*Mg/(Mg+Fet) in mols; Fet= total 
iron) ranging from 82 to 77, and Cr2O3 concentrations from <0.05 to 0.43 wt %. The Na2O 
contents are between 1.5 and 3.5 wt %, and Na/K apfu (atoms per formula unit) values 
vary between 0.17 and 0.94 (Fig.2). The occupancy of the A-site ranges 0.9 to 1.0, which 
differentiates these phlogopites from the interlayer-deficient mica wonesite (Spear et al., 
1981). The major element composition (e.g., MgO) of the phlogopites is comparable 
among different crystals, but minor elements (particularly Cr and Ba) are highly variable 
(Fig. 2). We interpret the presence of phlogopite with high Cr2O3 contents and mg-numbers 
as due to reactions between olivine + Cr-spinel and an evolved water-bearing liquid. 
Volfinger et al. (1985) suggested that high Mg/Fet in mica enhances substitution of Na for 
K. The composition of phlogopites in San Pedro xenoliths show a broadly positive 
correlation between the mg-number and the Na/K values (Fig. 2), and thus it seems 





Figure 2. Variation diagrams of the phlogopite compositions from the xenoliths and of the 
biotites from the host dacite lava.  
4.2. Group IICL xenoliths. Clinopyroxene leuconorites. 
Poikilitic phlogopites have mg-numbers that vary from 81-70 and Cr2O3 contents are 
typically < 0.2 wt %. Their Na2O contents (1.1-2.1 wt %) and Na/K (0.2-0.4) are lower 
than those of phlogopites from Group I xenoliths (Fig. 2). Phlogopites filling 
microfractures have lower mg-numbers (76-70), lower Cr2O3 (< 0.15 wt %) and Na2O (0.7-
1.3 wt%) contents, and lower Na/K (~ 0.2) than poikilitic phlogopites. The structural 
formulae (Table 2) shows that some poikilitic phlogopite crystals have the tetrahedral 
position partly filled with Fe3+, whereas phlogopites filling microfractures and biotites of 
the dacite host lava have invariably Fe3+ in the tetrahedral position. Oxygen fugacity 
estimates of the host dacite using ilmenite and magnetite pairs are close to NNO+2 (B.S. 
Singer, unpublished data) which is in support with the observation of Briggati et al. (1996) 
that Fe3+ in the tetrahedral position reflects crystallization at low pressure and high fO2 
conditions. We propose that phlogopites filling microfractures crystallized from oxidized, 
evolved water-rich liquids comparable to the host dacite. The higher mg-number and Cr2O3 
contents of the poikilitic phlogopites compared to those filling microfractures are 
interpreted to be the result of reactions between mafic minerals (e.g., olivine, Cr-spinel, 





Figure 3. X-ray map of Na and K distribution of the phlogopite with up to 5 wt % Na2O. 
Na and K are distributed as bands approximately parallel to the cleavage. The mapped area 
is marked in Figure 1c. The dashed line marks the position of the electron microprobe 
traverse shown in Figure 4. 
 
4.3. Group IIHN xenoliths. Hornblende norites. 
Phlogopites have mg-numbers ranging from 84-77 and Cr2O3 contents up to 0.2 wt %. 
Most phlogopites have Na2O contents between 1 and 2.5 wt %, except for one poikilitic 
crystal (3 mm across; Fig. 1c) that has up to 5 wt % Na2O, and Na/K mol values up to 2.2 
(Fig. 2). An X-ray map of this phlogopite crystal (Fig. 3) shows that the sodium 
concentration is not homogeneous. The crystal consists of Na-rich bands (< 50 µm) that are 
parallel to the phlogopite cleavage (approximately parallel to the 001 plane) and which 
alternate with K-poor zones. An electron microprobe traverse across the Na-rich zone of 
this phlogopite crystal (Fig. 4) shows that variations of up to 2 wt % of Na2O occur in less 
than 10 µm, suggesting that even the Na-rich zones are heterogeneous and probably 
consists of fine (< 1-2 µm) intergrowths of Na-rich phlogopite and phlogopite. Such abrupt 
changes in the phlogopite Na2O and K2O concentrations are difficult to explain by changes 







Figure 4. Traverse across a Na-rich zone of the phlogopite crystal shown in Figure 3. The 
Na-rich zone is complementary with K-poor zones. Within the Na-rich zone variations 
of up to 2 wt % of Na2O occurs, suggesting that it consists of mixtures of almost pure 
sodium phlogopite and phlogopite. Note that the spacing of the electron microprobe 




5.1. Genesis of the Na-rich phlogopites 
The presence and composition (e.g., high Cr2O3 and mg-number) of the phlogopites in 
the San Pedro gabbroic xenoliths can be explained by reactions between evolved water-
rich liquids and olivine, pyroxenes, and Cr-spinel. We propose that these reactions were 
not due to closed-system crystallization because experiments on medium-K calc-alkaline 
water-rich liquids (e.g., Sisson & Grove, 1993) have not reported Na-rich phlogopite, or 
phlogopite even at crystallinities of up to 90 % (Kawamoto, 1996). Moreover, the 
microfractures filled with phlogopite in Group II xenoliths are evidence of open-system 
processes involving migration of evolved water-rich melts (see also Chapter II). 
To explain the high Na/K values of most phlogopites we consider below: (1) the 
possibility that plagioclase was involved in the phlogopite-forming reactions, (2) the 
composition of the reacting liquids, and (3) the potential role of a solvus.  
 
Is plagioclase responsible for the high Na/K of the phlogopites? 
Textural relations of Group II xenoliths suggest that plagioclase could have participated 
in the phlogopite-forming reaction, and thus it could be responsible at least in part for the 
high Na/K of phlogopite. However, this does not explain the high Na/K of phlogopites in 
Group I xenoliths, where textural relations indicate that plagioclase was stable during 
phlogopite crystallization. The fact sodium is concentrated in bands instead of being 
homogeneously distributed in the phlogopite crystal with the highest Na2O content (Fig. 3) 
also argues against plagioclase being entirely responsible for the high Na/K of the 
phlogopites. The apparent reaction relation between phlogopite and plagioclase in Group II 
xenoliths could be explained if we envisage a scenario where plagioclase dissolved into the 
reacting liquid, and later phlogopite passively crystallized around resorbed plagioclase. 
 
Composition of the reacting liquids 
The composition of the liquid from which the San Pedro phlogopites crystallized can be 
assessed by comparing their Na/K values to those of phlogopites crystallized from 
experiments. Aside from K-free experiments of Carman (1974), the only other experiments 
that have produced phlogopite with significant amount of Na2O (e.g., > 1 wt %) are those 
of Barclay & Carmichael (in prep.) on a trachybasaltic composition, and those of Prouteau 
& Scaillet (personal communication; Prouteau, 1999) produced by the interaction between 
trondhjemitic liquids and forsteritic olivine. Figure 5 shows the lines joining phlogopite 
and coexisting liquid composition from experiments and those of biotite and interstitial 
glass of the host dacite lava. We propose that phlogopites of the San Pedro xenoliths with 
Na# values (Na# = 100*Na/(Na+K) in mols) of up to ~ 15, which corresponds to ~ 2 wt % 
Na2O, could have crystallized from liquid compositions comparable to the dacites of 
Volcán San Pedro (Fig. 5). 
The rest of the phlogopites have Na# (up to 55) that seem to require reaction with 
liquids of unrealistically high Na#. Even the phlogopite that crystallized from 




Figure 5. Phologopite-coexisting liquid tie lines from experiments of Barclay & 
Carmichael (B&C, in prep) and Prouteau & Scaillet (P & S; personal communication). 
Also plotted are the tie lines between biotite and interstitial glass of the host dacite. The 
compositions of phlogopites from ophiolite complexes are from: Hongguleleng 
ophiolite (Peng et al., 1995); mid-oceanic ridge mafic and ultramafic rocks (Arai et al., 
1997); Oman ophiolite (Schiano et al., 1997). Data from the Laouni intrusion (Lorand 
& Cottin, 1987) is also included. See text for discussion. 
 
 
A solvus relation among phlogopite and sodium phlogopite? 
The extremely high Na# (55) and Na2O contents (5 wt %) of some phlogopites could be 
explained if there were a solvus between the sodium and potassium phlogopite end-
members. Supporting evidence for the existence of such a solvus are the mode of 
occurrence and composition of phlogopites present in chromite inclusions of ophiolite 
complexes.  
In many examples, almost pure sodium and potassium phlogopite coexist as separate 
crystals inside a single chromite grain (e.g., Peng et al., 1995; Schiano et al., 1997) 
suggesting that both phlogopites co-crystallized from a single liquid. In the San Pedro 
xenoliths, there are no discrete phlogopite crystals with end-member compositions, instead 
the phlogopite with the highest sodium contents consists of fine intergrowths (< 2 µm) of 
Na-rich and Na-poor phlogopite (Figs. 3 and 4). As these intergrowths are about the size of 
the electron microprobe beam, the analyzed phlogopites have compositions that reflect 
mixtures between Na-rich and Na-poor phlogopite, as has been found in other studies of 
submicroscopically intergrowths of micas (e.g., Shau et al., 1991). The proposed solvus 
between the Na and K phlogopite end-members is probably analogous to that recognized 
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8. APPENDIX. ANALYTICAL TECHNIQUES 
Electron microprobe analyses where performed with a SX-50 Cameca instrument at the 
University of Lausanne. Accelerating voltage was 15 kV, beam current 15 nA, and beam 
diameter of 2 µm. Typical 2-s relative precisions (in %) are as follows: SiO2 (0.9), TiO2 
(5-10), Al2O3 (1-1.5), Cr2O3 (12-40), FeO* (3), MnO (30 to below detection), MgO (1), 
CaO (30 to below detection), Na2O (3-6), K2O (2-2.5), BaO (25 to below detection), F (25 
to below detection), Cl (30-50). X-ray map of Na and K was done by rastering the electron 
microprobe beam with an accelerating voltage of 15 kV and beam current of 30nA. 
 
 
 
 
 
